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The transcriptional regulator “nuclear factor kappa B” (NF-κB) regulates many processes in 
eukaryotic cells, including the response to infections. In this work, we have used new 
experimental set-up to analyze the NF-κB response in fibroblasts infected with Salmonella enterica 
serovar Typhimurium. Fibroblasts were selected as host cell prototype in our experiments due to 
the ability of S. Typhimurium to establish persistent infections in this cell type using a dedicated 
regulatory program.  
NF-κB normally displays an oscillatory behavior that can be measured as cytosol-nuclear 
translocation dynamics. In this work, we studied NF-κB subcellular location in live cells overtime. 
Our studies, performed at single cell level, could differentiate NF-κB dynamics in infected (ST+) 
and uninfected (ST—) fibroblasts that co-exist in culture. These experiments revealed that in a 
cytokine-free environment, S. Typhimurium induces NF-κB nuclear translocation in the bacteria-
containing fibroblasts. Conversely, in culture conditions where signaling molecules released by 
the cells in the culture accumulate in the medium, the ST— cells are those showing increased 
NF-κB nuclear translocation. Moreover, ST+ fibroblasts show less NF-κB activation when cells are 
challenged with external stimuli such as TNF-α, IL-1β or a second S. Typhimurim infection. 
These observations are consistent with refractoriness of the ST+ cells to extracellular stimuli. 
We also applied sorting techniques to fibroblast cultures incubated with S. Typhimurium, 
which were separated into ST+ and ST— cell populations. These two fibroblast populations were 
analyzed for gene and protein expression. The analyses showed that expression of NF-κB 
regulated genes was enriched in the ST— fibroblasts. These data supported an active role of 
intracellular S. Typhimurium in dampening the NF-κB response in the ST+ cells. Although the 
precise mechanism by which S. Typhimurium attenuates the NF-κB response in fibroblasts 
remains uncovered, we demonstrate that protein effectors secreted by type III secretion systems 
encoded in the Salmonella pathogenicity islands 1 and 2 (SPI1-T3SS and SPI2-T3SS) are involved 
in such attenuation.  
Collectively, these data demonstrate that intracellular S. Typhimurium attenuate NF-κB in 
fibroblasts and this effect is noticeable only when infected and bystander uninfected cells are 
examined separately. Such modulation of NF-κB activation at the organism level could potentially 








El regulador transcripcional “factor nuclear kappa B” (NF-κB) regula distintos procesos en 
las células eucariotas, entre los cuales se encuentra la respuesta a procesos de infección. En esta 
tesis doctoral hemos utilizado técnicas de microscopía de tiempo real para entender la respuesta 
NF-κB en fibroblastos infectados con Salmonella enterica serovar Typhimurium. Como modelo de 
infección se han utilizado fibroblastos ya que S. Typhimurium establece infecciones persistentes 
en este tipo celular mediante sofisticados mecanismos de regulación.  
NF-κB muestra normalmente un comportamiento oscilante que se puede ser analizado 
midiendo la dinámica de translocación del citoplasma al núcleo de las células. En este trabajo 
hemos estudiado la localización sub-celular de NF-κB en células vivas a lo largo del proceso de 
infección. El trabajo se ha realizado a nivel de célula individual pudiendo diferenciar células 
infectadas (ST—) y células no infectadas (ST—) dentro del mismo cultivo. Estos experimentos 
desvelaron que en un ambiente libre de citoquinas, S. Typhimurium induce la translocación al 
núcleo de NF-κB en fibroblastos que contienen bacteria intracelular. Contrariamente, en una 
situación en la que las moléculas implicadas en señalización secretadas por las células del cultivo 
se acumulan en el medio, los fibroblastos ST— son las que mostraron una localización nuclear de 
NF-κB incrementada. Además, los fibroblastos ST+ presentaron menos activación de NF-κB 
cuando el cultivo de fibroblastos se trataba con estímulos externos como TNF-α, IL-1β o una 
segunda infección con S. Typhimurium. Estas observaciones son consistentes con la adquisición 
en el fibroblasto ST+ de un estado “refractario” que anula la respuesta a estímulos extracelulares. 
Los cultivos de fibroblastos se han sometido también a técnicas de separación celular que 
han permitido separarlos en poblaciones de células ST+ y ST—. Estas dos poblaciones se 
analizaron por separado en referencia a expresión de genes y niveles de determinadas proteínas. 
Los análisis mostraron expresión incrementada de genes diana de NF-κB en la población de 
fibroblastos ST—. Estos datos también indicaron que en los fibroblastos ST+ la activación de NF-
κB se encuentra atenuada. Aunque el mecanismo concreto por el que S. Typhimurium atenúa la 
activación de NF-κB no ha sido desvelado en los experimentos realizados enesta tesis doctoral, sí 
hemos podido determinar que dicho efecto se debe a proteínas efectoras secretadas por los 
sistemas de secreción tipo III codificados por las islas de patogenicidad de Salmonella 1 y 2 (SPI1-
T3SS y SPI2-T3SS). 
Los datos demuestran que S. Typhimurium atenúa la respuesta NF-κB en el interior del 
fibroblasto. Dicho efecto sólo se aprecia cuando las poblaciones infectada y no infectada se 
analizan por separado. A nivel de organismo, la atenuación de NF-κB podría derivar en 
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The genus Salmonella is classified in the Enterobacteriaceae family and comprises facultative 
anaerobic rod-shaped Gram-negative bacteria phylogenetically related to the genus Escherichia 
(Fàbrega & Vila 2013). The genus Salmonella comprises two species: S. enterica and S. bongori. In 
turn, S. enterica subdivides into six subspecies: enterica (I), salamae (II), arizonae (IIIa), diarizonae 
(IIIb), houtenae (IV), indica (VI), bongori (V). More than 2,500 serovars have been identified in 
subspecies I based on sera that recognize O antigen of lipopolysaccharide (LPS) or flagellar 
antigen H (Fàbrega & Vila 2013). Serovars are also differentiated by phage susceptibility (Ward et 
al. 1987). Approximately 99% of infections in humans and warm-blooded animals are caused by 
serovars of subspecies I (Rivera-Chávez & Bäumler 2015).  
The average size of the Salmonella genome comprises 4.8 megabases (Mb) and encodes 
approximately 4,500 genes. The core genome conserved in all species, subspecies and serovares 
has been estimated in 2,882 genes (Fu et al. 2015). The virulent strain S. enterica serovar 
Typhimurium SL1344 used in this study encodes 4,742 genes (Kröger et al. 2012).  
 
1.2. Salmonel la  and disease: clinical relevance 
 
Salmonella organisms are bacterial pathogens that infect a wide range of hosts, from humans 
to warm- and cold-blooded animals, and plants (Wiedemann et al. 2014). Some serovars of 
subspecies I are highly adapted to their hosts in which they cause diseases involving colonization 
of deep organs, systemic infection and death, if untreated. For example, serovars Typhi and 
Paratyphi cause systemic typhoid fever in humans but they are not pathogenic to other animals. 
Other serovars, like Gallinarum or Abortusovis, cause extraintestinal systemic disease in poultry 
and ovine respectively. On the opposite, other serovars of subspecies I such as Enteritidis and 
Typhimurium normally cause intestinal inflammation in a large variety of hosts (Hoelzer et al. 
2011). S. enterica serovars of subspecies I have also been shown to actively infect plants and 
colonize its organs (Klerks et al. 2007). The fact that plats can also be infected by this pathogen is 
remarkable as it can facilitate disease transmission.  
The main symptom resulting from intestinal inflammation in immunocompetent hosts is 
diarrohea. Such disease is associated to nontyphoidal Salmonella (NTS) serovars. The more 
prevalent NTS serovars isolated from humans are Typhimurium and Enteritidis. Infections in 
immunocompromised patients by NTS serovars or malnourished children can however lead to 
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medical complications, including colonization of deeper organs (Fàbrega & Vila 2013). Typhi and 
Paratyphi are extraintestinal serovars that cause disseminated infection such as typhoid fever in 
humans (Rivera-Chávez & Bäumler 2015). 
Salmonella infections can also result in “asymptomatic states”. This condition has been 
documented in both humans and livestock (Gopinath et al. 2012). Approximately 3-5% of 
humans infected with serovar Typhi develop a chronic infection in the gall bladder that act as 
reservoir and facilitates propagation of the pathogen in susceptible hosts (Gonzalez-escobedo et al. 
2011). Fowl colonization by serovar Enteritidis represents another Salmonella-host interactions 
leading to asymptomatic state. This infection does not result in disease in fowl and is responsible 
of the common transmission of serovar Enteritidis to humans from contaminated chicken or eggs 
(Braden 2006). There is currently scarce information about the immune status in the carrier 
patients. The only existent work is a transcriptomic study in asymptomatic carriers pigs that 
correlates gene expression in the host with the capacity to become carriers (Kommadath et al. 
2014). Detection methods for asymptomatic patients remain to be developed.  
 
1.3.  Features of the Salmonel la  infection 
 
Salmonella is normally acquired by oral ingestion of contaminated food or water. Once 
ingested, bacteria deal with an acidic environment in the stomach (Garcia-del Portillo et al. 1993). 
In the small intestine, Salmonella crosses the mucous layer secreted by the goblet cells and resists 
to digestive enzymes, bile salts, IgA (secreted by B cells residing in the lamina propria) and 
antimicrobial peptides such as defensins, cathelicidins and lactoferrin secreted by the Paneth cells. 
In this stage, bacteria interact with the intestinal epithelial layer (Haraga et al. 2008; Patel & 
McCormick 2014). In the lumen of the large intestine Salmonella divides and reaches enough 
numbers to ensure faecal-oral transmission. It has been proposed that in this condition, 
Salmonella could face at least 160 different bacterial species that form the intestinal microbiota 
(Rivera-Chávez & Bäumler 2015).  
To date, most of the studies focused in the interaction of Salmonella with the intestinal 
epithelium have been performed with serovar Typhimurium. This serovar uses different 
mechanisms to penetrate the epithelial barrier. S. Typhimurium can disrupt tight junctions in the 
epithelial barrier, which increases permeability of the epithelial cell layer to bacteria, facilitating 
pathogen infection by the basolateral side of the epithelial cells (Köhler et al. 2007; Hurley et al. 
2014). S. Typhimurium can also invade enterocytes (a non-phagocytic cell) by a bacterial-induced 
phagocytic process (Francis et al. 1992; Takeuchi 1967). The preferable invasion pathway of the 
intestine is through specialized epithelial M cells located in the Peyer’s patches. These cells 
Introduction !
! 5 
continuously sample content of the intestinal lumen via pinocytosis and transport the cargo to 
the underneath lymphoid tissue (Jones et al. 1994; Haraga et al. 2008). Interaction of 
S. Typhimurium with intestinal epithelium triggers the production and release of pro-
inflammatory cytokines and chemokines such as interleukin 8 (IL-8), which induces phagocyte 
transmigration from blood vessels to the sub-epithelium (McCormick et al. 1993). A gradient of 
hepoxilin A3 (HXA3, non-classic eicosanoid hormone) secreted by the epithelial cells in response 
to Salmonella, stimulates the transmigration of granulocytes to the intestinal lumen (Patel & 
McCormick 2014). The presence of these immune cells in the intestinal lumen is a 
histopathology characteristic of Salmonella infections. Dendritic cells (DC) can also sample the 
intestinal lumen and internalize Salmonella. The process by which DC internalize Salmonella is 
based on direct capture of bacteria in the lumen by DC cellular extensions (Rescigno et al. 2001). 
Once Salmonella has penetrated the epithelial barrier, bacteria of those serovars causing 
systemic disease interact with macrophages and rapidly disseminate to lymphoid organs such as 
the spleen and lymph nodes. On the contrary, infections caused by NTS serovars in 
immunocompetent hosts remain as local inflammation in the intestinal tract. 
 
1.4. Salmonel la  interaction with host cells: in  v i t ro  infection models 
 
1.4.1. Salmonella invades cultured non-phagocytic cells 
 
Salmonella invasion of non-phagocytic epithelial cells involves marked cytoskeletal 
rearrangements. Alteration of the actin cytoskeleton dynamics results in membrane “ruffles” that 
engulf the bacteria by a mechanism known as “trigger” mode of entry. The capacity of Salmonella 
to induce its own internalization into non-phagocytic cells is supported by effector proteins 
translocated by a specialized type 3 secretion system (T3SS) encoded in the Salmonella 
pathogenicity island 1 (SPI1) (LaRock et al. 2015). The SPI1-T3SS is assembled into a basal body 
formed by the proteins InvG, PrgH and PrgK, a needle substructure with PrgI as major subunit 
(Kubori et al. 2000) and the tip, in which the translocases SipB, SipC and SipD locate (Lara-
Tejero & Galán 2009). SopB is an inositol phosphatase translocated by SPI1-T3SS and behaves as 
a guanosine-exchange factor (GEF) that activates Rho GTPases. This activity leads to the 
accumulation of actin cytoskeleton underneath the plasma membrane of the host cell (Zhou et al. 
2001). SopB also recruits annexin-A2 that serves as an anchoring point for this actin 
rearrangement (Jolly et al. 2014). In addition, SopB activates the Wnt-ß-catenin signalling 
pathway, an effect that results in alteration of transcription programs and subsequent increased 
number of M cells in vivo (Tahoun et al. 2012). SopE and SopE2 are other SPI1-T3SS effectors 
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that participate in actin cytoskeleton reorganization. They have GEF activity and activate the 
small Rho GTPases RAC1 and CDC42. These effectors also indirectly activate the actin 
regulatory protein 2/3 (ARP2/3), which, in turn, induces membrane ruffling promoting bacterial 
invasion (Humphreys et al. 2012). Other two T3SS-SPI1 protein effectors, SipA and SipC, bind 
directly to actin and contribute to membrane ruffling (McGhie et al. 2001). SipA inhibits actin 
depolymerisation at the site of bacterial entry (Zhou et al. 1999) while SipC accumulates actin 
stimulating its nucleation (Hayward & Koronakis 1999). 
Recent studies have shown that Salmonella is capable of using alternative mechanisms to 
induce its own internalization into non-phagocytic cells following a “zipper” mode of entry 
extensively studied in other intracellular bacterial pathogens such as Listeria monocytogenes and 
Yersinia pseudotuberculosis (Cossart & Sansonetti 2004). So far, Salmonella is the only organism 
described to use alternatively the trigger- and the zipper-like mechanisms (Boumart et al. 2014). 
The zipper-like mechanism used by Salmonella is supported by studies reporting the capacity of 
SPI1-T3SS deficient mutants to induce bacterial internalization (Coombes et al. 2005; Desin et 
al. 2009; Aiastui et al. 2010; Velge et al. 2012).To invade via the zipper mechanism, 
Salmonella exploits the interaction of an outer membrane protein named Rck with receptors in 
the host cell membrane (Rosselin et al. 2010). This alternative entry pathway plays an important 
role for Salmonella to invade certain cultured epithelial cell lines or fibroblasts (Aiastui et al. 2010; 
Rosselin et al. 2011). Some differences have even been shown between distinct cell types 
regarding the Rho GTPases targeted by bacteria using the SPI1-T3SS-independent entry pathway 
(Aiastui et al. 2010). 
 
1.4.2. Salmonella intracellular lifestyle in non-phagocytic cells 
 
 Following the uptake by the host cell, intracellular Salmonella inhabits a vacuolar 
compartment, the Salmonella containing vacuole (SCV) that is remodelled as the infection 
progresses. During the first steps of vacuole maturation, this phagosomal compartment interacts 
with early endosomes (Steele-Mortimer et al. 1999). Later in the infection, SCV incorporates late 
endosomal markers such as lysosome-associated membrane proteins (LAMP) (Smith et al. 2005; 
Garcia-del Portillo & Finlay 1995). This basic scheme of the SCV maturation varies depending on 
the infection model analysed although, it has been linked in all cases to intracellular survival and 
proliferation of the pathogen (LaRock et al. 2015). Many protein effectors translocated by the 
T3SS apparatus encoded in the Salmonella-pathogenicity 2 (SPI2-T3SS) are involved in 
maintenance of the SCV. Thus, SseJ modifies cholesterol and phospholipids in the SCV 
membrane. This change in membrane composition and fluidity alters the type of proteins that 
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associate to the phagosomal membrane (Nawabi et al. 2008). SseL has deubiquitinase (DUB) 
activity and has also been linked to the maintenance of the lipid composition in the phagosomal 
membrane (Arena et al. 2011). SspH2 is another effector with ubiquitin ligase activity responsible 
of the removal of host proteins via ubiquitination and subsequent degradation (Quezada et al. 
2009). Although it is a SPI1-T3SS protein effector, SopB alters the fusion of the SCV with 
lysosomes (Hernandez et al. 2004; Bakowski et al. 2010). 
Protein effectors translocated by the SPI2-T3SS also contribute to direct SCV traffic from 
the site of bacterial entry to the microtubule-organization center (MTOC) region. The effector 
SifA connects the SCV to the microtubule network (Boucrot et al. 2005) and promotes the 
interaction of the SCV with dynein. This interaction facilitates the transport of the phagosome 
towards the MTOC. The effector PipB2 also contributes to the movement of membrane material 
to the periphery (Henry et al. 2006). SifA also forms a complex with SKI-interacting protein 
(SKIP), an essential spliceosomal component and transcriptional coregulator. SfiA-SKIP 
interaction results in kinesin recruitment and endosomal extension in the form of tubules that 
extend from the SCV to the periphery of the cell (Ohlson et al. 2008). Endosomal tubules that 
emanate from the SCV are referred as SIF for “Salmonella induced filaments” and are supposed to 
promote Salmonella survival inside the SCV (Garcia-del Portillo, et al. 1993; Birmingham et al. 
2005). Other SPI2-T3SS effectors have been implicated in SIF formation include PipB2, SteA, 
SpvB, SopD2, SseF, SseG and SseJ (LaRock et al. 2015).  
Similar to the alternate invasion pathways described in non-phagocytic cells, Salmonella also 
exhibit distinct intracellular lifestyles in varied host cell types. An important difference arises 
when comparing the fate of intracellular bacteria in epithelial cells and fibroblasts, two host cell 
types that are targeted by the pathogen in vivo (Núñez-Hernández et al. 2013). For example, 
intracellular bacteria proliferate actively in epithelial cells as the human cell line HeLa. By 
contrast, bacteria establish a persistent state when colonize the intracellular niche of fibroblasts 
(Martínez-Moya et al. 1998). An additional difference relies in the access to the cytosol of some 
intracellular bacteria, a phenomenon widely documented in epithelial cells but not reported in 
fibroblasts. This sub-population of intracellular cytosolic bacteria proliferates at higher rates 
compared to intra-phagosomal bacteria (Malik-Kale et al. 2012). A recent study also highlights the 
capacity of intracellular Salmonella to induce aggrepahgy of host endomembranes in fibroblasts, a 
phenomenon not observed in infected epithelial cells (López-Montero et al. 2016). This study also 
proposes a novel mechanism of control in the Salmonella intracellular progeny based in a 
selectively killing by the autophagy machinery of only those bacteria associated to the 
membranous aggregate (López-Montero et al. 2016).  
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When compared to other infection models, mainly that of macrophages, fibroblasts 
harbouring intracellular S. Typhimurium maintain viability during long periods of infection. 
Unlike infected macrophages, which depending on their activation status react to Salmonella with 
dissimilar responses involving either killing of intracellular bacteria or induction of apoptosis; the 
lifestyle of intracellular Salmonella inside fibroblasts is characterized by “preservation” of integrity 
in the infected cell (Cano et al. 2001, Cano et al. 2003). This observation agrees with the 
restricted growth of Salmonella in mesenteric lymph nodes (MLN) of mice (Helaine et al. 2014) 
and other in vivo infection models (Sheppard et al. 2003). Fibroblasts are ubiquitous in all tissues 
and organs and have been proposed as a key cell type capable of fine-tuning of the immune 
response to infections (Sorrell & Caplan 2009). In addition, fibroblasts are postulated as a 
possible reservoir for Salmonella in chronic infections (Núñez-Hernández et al. 2013). Based on 
these observations the interaction of non-growing intracellular Salmonella with the infected 
fibroblasts is a matter of increasing interest. 
 
1.4.3. Salmonella interaction with phagocytic cells 
 
Phagocytic cells are important in the host-pathogen interaction and play an essential role in 
antigen presentation preventing the spread of the infection (Alonso & García-del Portillo 2004). 
Salmonella internalization into phagocytic cells can be triggered by the macrophage or, 
alternatively, induced by the pathogen. In the latter case, the SPI1-T3SS plays a pivotal role in 
translocating invasion-related effectors as it does in non-phagocytic cells (Ibarra & Steele-
Mortimer 2009). Pathogen-mediated internalization into DC has been linked to FimH, a type 1 
fimbria, in a process independent of SPI1-T3SS (Guo et al. 2007). Once inside the macrophage, 
Salmonella is located in the SCV in which the pathogen deals with diverse defences of the 
phagocyte, including reactive oxide and nitrosative radicals, intravacuolar acidification, lysosomal 
enzymes, antimicrobial peptides and nutrient deprivation (Steele-Mortimer 2008). Protein 
effectors translocated by SPI2-T3SS block the SCV-lysosome fusion, which highlight their strict 
requirement for the pathogen to ensure survival and replication within macrophages (Hensel et 
al. 1998).  
 
2. Innate immunity against bacterial pathogens 
 
The innate immune system is the first line of defence against pathogenic organisms that 
attempt to colonize the host. Innate immunity controls acute inflammation and is also required 
for the activation of acquired immunity. A series of molecules that share structural features and 
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are conserved in many different pathogenic organisms are responsible for activating innate 
immune defences. These structural features are known as pathogen-associated molecular patterns 
(PAMP). PAMP are present in envelope components such as lipopolysaccharide (LPS), flagellin 
and peptidoglycan (PG). The host molecules that recognize PAMP are generically known as 
PAMP recognition receptors (PRR). 
  
2.1. PAMP recognition receptors (PRR) 
 
PRR consist of four receptor families: Toll-like receptors (TLR), C-type lectin family 
receptors (CLR), nucleotide oligomerization domain (NOD)-like receptors (NLR), and, retinoic 
acid-inducible gene (RIG)-I-like receptors (RLR). The first two families, TLR and CLR, are located 
in the plasma membrane and endosomal membranes whereas the last two, NOD and RLR, are 
cytosolic. The membrane bound TLR and cytosolic NLR are of particular interest in the control 
Salmonella infections (Monie et al. 2011). PRR are expressed in the intestinal epithelial cells as 
well as in other cell types such as macrophages and fibroblasts (Takeuchi & Akira 2010). PRR 
expression differs in distinct cell types or anatomical locations. For example, the TLR repertoire 
in the stomach is not comparable at either RNA or protein level to that in the small intestine 
(Fukata & Abreu 2008).  
 
2.1.1. Membrane-associated receptors 
 
Membrane-embedded receptors such as TLR, detect pathogens in the extracellular space 
and in endosomes and lysosomes when located within cells. TLR are important in the host-
bacteria communication because these can be the first contact between them. TLR have three 
functional domains: i) the extracellular domain, comprising a leucin-rich repeat (LRR) domain, 
which detects PAMP and will trigger receptor activation; ii) a transmembrane domain; and, iii) an 
intracellular domain, which activates varied downstream signalling cascades. Up to 13 distinct 
TLR types have been described to date in the mouse (Wiedemann et al. 2014) and 10 in humans 
(Takeuchi & Akira 2010).  
TLR1, TLR2, TLR4, TLR5 and TLR6 are involved in controlling Salmonella infection. 
TLR2 senses bacterial lipoproteins and forms heterodimers with either TLR1 or TLR6. 
Stimulation of TLR2/TLR1 or TLR2/TLR6 with their ligand induces the production of pro-
inflammatory cytokines in macrophages and DC (Aliprantis et al. 1999; Takeuchi & Akira 2010). 
TLR4 recognizes LPS (Poltorak A et al. 1998). This recognition is preceded by the interaction of 
LPS binding protein (LBP) with the lipid A of LPS and CD14. In this stage, TLR4 binds lipid A 
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to subsequently interact with MD2. The complex LPS-TLR4-MD2 activates the cytosolic complex 
known as “Myddosome”, composed by six subunits of myeloid differentiation primary response 
protein 88 (MYD88), four interleukin-1 receptor-associated kinase 4 (IRAK4) and four IRAK2 
(Hoshino et al. 1999) (Figure 1A). TLR5 recognizes flagellin, more specifically some conserved 
regions of FliC, the main subunit of Salmonella flagella. TLR5-flagellin interaction takes place by 
direct host cell-bacterium contact or by recognition of secreted FliC that is actively released by 
Salmonella (Andersen-Nissen et al. 2005).  
  
2.1.2. Intracellular receptors 
 
NLR are the family of cytoplasmic pathogen sensors implicated in the innate immune 
response following Salmonella infection. NLR consist of three domains: i) a C-terminal LRR 
domain, which detects the agonist molecules; ii) a central domain named nucleotide-binding 
oligomerization domain (NOD); and, iii) an N-terminal domain that can be either a caspase 
activator recruitment domain (CARD), a pyrin domain (PYR) or a baculovirus inhibitor of 
apoptosis protein repeat domain (BIR) (Takeuchi & Akira 2010). Only the receptors harbouring 
the CARD domain in the N-termianl region of the protein can indirectly activate transcription. 
The others modules (PYR and BIR) are present in components of the inflammasome, a protein 
complex that regulates caspase-1 activation following activation by other PAMP (Broz et al. 2012).   
The peptidoglycan (PG) is an essential macromolecule that ensures bacterial integrity and 
survival. PG fragments are sensed by NOD1 and NOD2. In particular, NOD1 recognizes PG 
fragments containing meso-diaminopimelic acid (DAP). This amino acid is found in the third 
position of the stem peptide linked to the PG sugar chains. DAP is present in the PG of many 
Gram-negative bacteria. The minimal structure that is sensed by NOD1 is D-γ-glutyamyl-meso-
diaminopimelic acid (iE-DAP) (Girardin et al. 2003). NOD2 recognizes the structure formed by 
the N-acetylmuramic acid from the PG sugar chain and the dipeptide bound to it composed by L-
alanine and D-γ-glutamic acid. This substructure in the PG is known as muramyl dipeptide 
(MDP), which is found in a broad range of Gram-positive and Gram-negative bacteria (Chen et al. 
2009) (Figure 1A). The expression of the NOD1 gene occurs in a wide range of cell types whereas 
NOD2 is mainly restricted to immune cells (Ogura et al. 2001).  
Besides NOD1 and NOD2, other members of the NLR family participate in the formation 
of inflammasomes that lead to activation of caspase-1, which in turn proteolyze pro-interleukin 1 
beta (pro-IL-1β) to IL-1β and pro-interleukin 18 (pro-IL-18) to IL-18. In their processed form, 
these interleukins stimulate innate immune responses. NLRC4 is a NLR involved in Salmonella 
infection response and senses flagellin (Miao et al. 2006). The role of NLRC4 does not overlap 
Introduction !
! 11 
with that of TLR5 since both receptors have distinct cellular locations and activate different 
signalling cascades. NLRC4 also senses PrgJ, a secreted protein that is part of the basal body of 
the SPI1-T3SS and shares some structural characteristics with flagellin (Miao et al. 2009). NAIP2 
is required for NLRC4 activation after sensing Salmonella PrgJ. NAIP5 seems to be necessary for 
NLRC4 activation by flagellin (Kofoed & Vance 2011). NLRP3, another NLR that participates in 
the formation of the inflammasome responds to the S. Typhimurium infection in a delayed and 
non-canonical pathway (Broz et al. 2010). NLRP3 has been proposed to sense levels of glyoxylate, 
a metabolite of the tricarboxylic acid (TCA) cycle (Wynosky-Dolfi et al. 2014).  
 
3. Salmonel la  evasion of the host immune system  
 
Many bacterial pathogens not only attempt to avoid the host immune response but also 
have evolved strategies to compete with the host microbiota (Behnsen et al. 2015). In the case of 
Salmonella, it has been shown that triggering an initial intestinal inflammation favours bacterial 
dissemination (Stecher et al. 2007). Of much interest is the fact that Salmonella can use different 
electron acceptors to obtain energy from compounds that are generated as a consequence of the 
inflammation and that the microflora cannot utilize (Winter et al. 2010). In this way, the resident 
microbiota is outcompeted in the luminal gut by the invading pathogen.  
 
3.1. Salmonel la  hides from the immune system 
 
Following contact with the host, some pathogens alter the chemical structure of some of its 
envelope components. With this strategy, the pathogens minimise recognition by PRR. As an 
example, the PG structure is modified by some Gram-positive pathogenic bacteria to avoid 
recognition by NOD receptors (Sukhithasri et al. 2013). For S. Typhimurium, a recent study 
unravelled a new D,L-endopeptidase (endopeptidase responding to cessation of growth, EcgA) 
that contribute to pathogenicity (Rico-Pérez et al. 2016). In vitro, EcgA cleaves the stem peptide of 
the PG between the D-γ-glutamic acid and the meso-diaminopimelic acid. This modification 
could avoid sensing by NOD1 in vivo. Alterations in PAMP recognition have also been linked to 
changes in the LPS. The structure of S. Typhimurium LPS suffers modifications in its external 
region, the O-antigen, and in the lipid-A region, which hamper recognition by TLR4 (Chen & 
Groisman 2013).  
There are other documented examples in which alteration of PAMP prevents recognition 
by inflammasomes. As aforementioned, NLRC4 senses flagellin (FliC) and PrgJ. To avoid 
activation of this inflammasome, S. Typhimurium downregulates the expression FliC and PrgJ 
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during systemic infection. In this way avoids secretion of pro-inflammatory cytokines such as 
IL-1β and IL-18 (Müller et al. 2009). Accordingly, artificial  expression of flagellin during systemic 
infection culminates in bacterial clearance due to NLRC4. This suggests that flagellin 
downregulation avoids bacterial killing (Miao et al. 2009). Also NLRP3 activation is modulated by 
intracellular S. Typhimurium. TCA cycle generates citrate that activates NLRP3, and 
S. Typhimurium mutants that synthetize elevated levels of citrate are cleared at higher rate in an 
NLRP3-dependent manner (Wynosky-Dolfi et al. 2014). Moreover, aconitase, an enzyme in the 
TCA involved in the control of inflammasome activation, has been proposed to be important for 
S. Typhimurium persistence (Lawley et al. 2006). Similarly, Yersinia spp secretes the protein 
effector YopK, which interacts with its own T3SS. In this way, the T3SS is “hidden”, hampering 
detection by NLRP4 and NLRP3 (Brodsky et al. 2010). Also in Yersinia, YopM binds to caspase-1 
and blocks its active site. In this way, pro-IL-1β or pro-IL-18 will not be processed and remain 
inactive (Larock & Cookson 2012). 
 
3.2. Salmonel la  exploits intestinal inflammation to compete with endogenous microbiota 
 
A characteristic of S. Typhimurium discovered in recent studies is its ability to exploit some 
of the intestinal responses elicited as a consequence of the infection. Intestinal epithelial cells and 
neutrophils in the infected gut secrete antimicrobial proteins that chelate metals such as 
lipocalin-2 and calprotectin. Lipocalin-2 sequesters siderophores secreted by the bacteria and 
calprotectin sequesters cations such as zinc and manganese. However, S. Typhimurium expresses a 
modified siderophore, salmochelin, that is not recognized by lipocalin-2 and has a high 
transporter affinity for zinc. This allows the bacterium to capture this metal even in the presence 
of calprotectin (Flo et al. 2004; Liu et al. 2012). In a second case, thiosulfate, which is normally 
present in the lumen as a product of the endogenous microbiota, is oxidized to tetrathionate by 
the oxidative environment generated during the inflammatory process. S. Typhimurium, and no 
other bacteria from the microbiota, is capable of using tetrathionate as an electron acceptor for 
respiration (Winter et al. 2010). 
 
3.3. Salmonel la  actively manipulates the host immune system  
 
Besides the strategy of S. Typhimurium to hide from being detected by the host, this 
pathogen has also evolved to actively inhibit defence responses of the host immune system.  
Activated macrophages can adopt two types of defence response known as “polarization 
status”. The so-called M1, associated to an inflammatory and microbicidal phenotype; and, M2, in 
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which the macrophage acts as immunomodulator and displays a limited microbicidal response 
(Mège et al. 2011). M1 polarization induces killing of intracellular bacteria. However, if the M1 
state is sustained for long time it has a deleterious effect to the host inducing sepsis. Recent 
studies reported that pathogens have developed strategies to interfere with M1 and induce M2 
polarization (Benoit et al. 2008). In a recent study, S. Typhimurium was shown to induce M1 
polarization linked to the O-antigen sensing (Luo et al. 2016). This finding contrasts to data from 
other groups, which reported M2 polarization by S. Typhimurium in a mechanism dependent on 
SPI1-T3SS (Kyrova et al. 2012). 
S. Typhimurium can also induce the expression of “Suppressor of cytokine signalling 3” 
(SOCS-3). SOCS proteins inhibit Janus kinase (JAK) tyrosine kinase activity, preventing the 
phosphorylation and activation of signal transducer and activator of transcription (STAT). 
(Yoshimura et al. 2007). SOCS-3 recruits elongins B/C and Cullin5 to form a complex that act as 
an E3 ubiquitin ligase. In this stage, SOCS-3 ubiquitinates and promotes the degradation of both 
JAK and cytokine receptors downregulating in this manner distinct pathways of immune 
activation (Babon et al. 2012). Uchiya and Nikai described that SOCS-3 induction in 
S. Typhimurium-infected macrophages depends on SPI2 and, specifically, on SipC (Uchiya & 
Nikai 2005; Uchiya & Nikai 2008). By this mechanism S. Typhimurium could diminish the exent 
of host cell response. 
Many studies have shown that pathogens selected the regulator nuclear factor kappa B 
(NF-κB) as preferable target to actively inhibit the host immune system (see section 5.2. Salmonella 
inhibits NF-κB).  
 
4. The response regulator nuclear factor kappaB (NF-κB)  
 
4.1. Control of NF-κB activity and termination  
 
Nuclear Factor kappaB (NF-κB) is a family or transcriptional factors that form homo- and 
heterodimers to exert their regulatory function. There are five different subunit, all containing a 
REL-homology domain (RHD), which can form up to 15 combinations when they dimerize. 
These subunits include: RELA (also known as p65), cREL, RELB, p50 and p52. The last two are 
proteolytic products of p105 and p100, respectively, and none of them have transactivation 
domain (TAD). Among the 15 distinct dimers, three of them do not have TAD and, therefore, 
lack transcriptional activity: p50/p50, p52/p52 and p50/p52. For other three dimers, 
RELA/RELB, cREL/RELB and RELB/RELB, there is no proof of binding to DNA. These six 
dimers are considered not functional with the remaining nine dimers displaying DNA binding 
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domains and capable of modulating transcriptional activity in response to stimuli (O’Dea & 
Hoffmann 2010). Interestingly, p50/p50, p52/p52 and p50/p52 dimers can block the NF-κB 
binding sites in DNA and impede accessibility to other functional dimers.  
NF-κB transcriptional activity is not uniform after a stimulus. Following a constant or 
pulsatile TNF-α treatment, NF-κB activity leads to three well-defined transcriptional profiles: 
early, intermediate and late phases according to the genes expressed. Genes such as NFKBIA or 
TNFAIP3 and cytokine-encoding genes belong to the early phase and are transcribed immediately 
after each NF-κB activation period to decay shortly afterwards. Intermediate and late genes show 
increasing expression overtime after the initial TNF-α stimulation (Tay et al. 2010; Zambrano et 
al. 2016). 
NF-κB is a transcription factor that participates in multiple cellular signalling pathways 
(Mitchell et al. 2016). Its activation has very tightly-controlled phases. Its synthesis, followed by 
the dimerization of subunits and their sequestration in the cytoplasm by canonical and non-
canonical inhibitors are steps that ultimately control the extent of NF-κB activation (Figure 1A). 
The synthesis and dimerization of NF-κB subunits is the first step in NF-κB regulation and it has 
been shown to be cell type-specific. In mouse embryonic fibroblasts (MEF) as well as in the 
epithelial cell lines HeLa and HEK293, the most abundant dimers found are RELA/p50, 
RELA/RELA and RELA/p52. By contrast, dimers containing cREL and p50 predominate in 
B-cells (Sen 2006) while DC have mainly dimers containing cREL and RELB (Ouaaz et al. 2002; 
Gerondakis et al. 2006). Transcription of most genes encoding NF-κB subunits is regulated itself 
by NF-κB with the exception of RELA. Dimerization of NF-κB subunits occurs concomitantly to 
their translation although p100 and p105 are proteolyzed to p52 and p50 before dimerization. A 
primary binding partner of RELA, RELB and cREL is p50, which is normally produced in excess.  
Another important step in NF-κB regulation is the status of NF-κB inhibitors (IκB 
proteins) that fine-tune NF-κB activity. The abundance and degradation of these negative 
regulators is controlled by IKK (IκB kinase) that form the  ‘IKK complexes’. IKK complexes can 
be classified in two classes: canonical and non-canonical. The canonical IKK complex comprises 
IKKα (also known as IKK1), IKKβ (also known as IKK2) and IKKγ (also known as NF-κB 
essential modulator, NEMO) (Häcker & Karin 2006). The non-canonical IKK complex requires 
IKKα and NF-κB induced kinase (NIK) (Scheidereit 2006). Canonical IKK complex act on IκBα, 
IκBβ, IκBε and IκBγ while the non-canonical act on IκBδ. Both canonical and non-canonical 
IKK complexes can stimulate p105 and p100 processing to obtain p50 and p52, respectively 
(Salmerón et al. 2001; Yilmaz et al. 2014).  
NF-κB is in steady state conditions bound to IκBα, IκBβ or IκBε in the cytosol. Following 
a stimulus that activates the canonical IKK complex, IκB proteins are phosphorylated and 
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ubiquitinated to be finally degraded by the 26S proteasome (Figure 1A). In the specific case of 
IκBα, this process involves phosphorylation of residues Ser32 and Ser36 and ubiquitination of 
Lys21 and Lys22 (Ghosh et al. 1998). Degradation of IκB inhibitors renders the NF-κB dimer free 
to translocate to the nucleus and control gene expression (O’Dea et al. 2007; Mathes et al. 2008) 
(Figure 1A). NF-κB also induces transcription of genes encoding IκBα and IκBε. IκBδ is formed 
by a p100 dimer in which the ankirin rich domain (ARD) of one of the subunits is interposed 
between the dimer, inhibiting one to each other. The ARD of the other subunit binds NF-κB. 
IκBγ seems to have the same mechanism of action (Savinova et al. 2009). Other atypical 
inhibitors of NF-κB are IκBς, B-cell lymphoma-3 (BCL-3) and IκBNS, which are normally not 
expressed in non-stimulated resting cells. 
NF-κB can also be regulated by post-transcriptional modifications in the different subunits 
of the homo- and heterodimers. These modifications include phosphorylation, sumoylation, 
ubuquitination, acetylation and other changes that affect NF-κB sub-cellular localization, dimer 
stability or interaction with other transcription factors (Bhatt & Ghosh 2014; Chen et al. 2014; 
Liu et al. 2015; Kravtsova-Ivantsiv et al. 2015; Hou et al. 2016). Different stimuli during the 
inflammatory process modulate these post-translational modifications and, consequently, 
determine the transcription selectivity of NF-κB target genes (Huang et al. 2010).  
As important as its activation is the appropriate shut-off of NF-κB activity. Infection-related 
stimuli trigger robust immune responses and this process must be finely modulated. Several 
feedback mechanisms are known to ensure termination of NF-κB activity (Renner & Schmitz 
2009; Ruland 2011) (Figure 1B). The most common mechanism is “re-synthesis” of IκB 
inhibitory proteins. Many of these inhibitors are induced following NF-κB activation, which 
supports the idea of a necessary negative feedback to attenuate the response. Inhibition by IκBα is 
the most widely studied mechanism. NFKBIA is transcribed rapidly by NF-κB and, once 
translated, the IκBα protein moves to the nucleus and binds to NF-κB dimers complexed to 
DNA (Hoffmann et al. 2002). Interestingly, the complex DNA-NF-κB-IκBα only lasts 
milliseconds because IκBα forces dechatment from DNA of NF-κB-IκBα, which rapidly returns 
to the cytosol (Alverdi et al. 2014). IκBα that is synthetized due to the NF-κB activation but does 
not bind any NF-κB dimer is unstable and degraded in an ubiquitin-independent manner (O’Dea 
et al. 2007).  
Some studies have reported inhibitory mechanisms at the level of receptor and/or its 
adaptor proteins (Figure 1B). For example, NF-κB induces synthesis of the TLR4 homolog 
RP105, which blocks LPS-TLR4 binding (Divanovic et al. 2005). A similar phenomenon happens 
with ST2, which in its transmembrane form (ST2L) inhibits IL-1R and TLR4 because it competes 
for MYD88 binding (Brint et al. 2004). NF-κB activation can also result in the induction of 
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proteins that act as dominant negative. As an example, TLR activation induces IRAK-M that 
hampers the dissociation of IRAK-1 and IRAK-4 from MYD88 (Kobayashi et al. 2002). Regarding 
MYD88, following LPS treatment part of MYD88 transcripts are subjected to alternative splicing, 
which generate a MYD88 variant protein that cannot bind IRAK4 (Burns et al. 2003). NF-κB 
signalling termination can be due to post-translational modifications in either receptors or 
associated proteins. For example, A20, an NF-κB target with deubiquitinase (DUB) activity, 
removes signalling activator Lys63-linked ubiquitin from TNF receptor associated factor 6 
(TRAF6), IKKγ, RIP1 and RIP2 (receptor interacting protein 1 and 2) (Evans et al. 2004; 
Shembade & Harhaj 2012). The deubiquitinating enzyme CYLD (cylindromatosis) deconjugates 
Lys63-linked ubiquitin from TRAF2, TRAF6, transforming growth factor β activated kinase 
(TAK1), B-cell lymphoma 3 (BCL3), IKKγ, RIP1, RIG1 and TRAF family member-associated NF-
κB activator binding kinase 1 (TBK1) (Courtois 2008). Both enzymes limit NF-κB activation at 
the membrane receptor level or proteins that collaborate to activate NF-κB downstream of these 
receptors (Figure 1B). 
An additional strategy to dampen the NF-κB response is the degradation of proteins 
involved in the signalling pathway. For instance, LPS induces TRIM30α in vivo and in vitro 
(epithelial cells and macrophages). Then TRIM30α interacts with the complex formed by TAK1 
and TAK1 binding protein 2 (TAB2) or TAB3 and promotes degradation of TAK1 and TAB2-3 
in lysosomes (Shi et al. 2008) (Figure 1B).  
Some mechanisms are crucial to inhibit the NF-κB late response. For instance, p65 itself 
can induce its own ubiquitin-mediated proteasomal degradation. p65 ubiquitiation is conducted 
by the E3 ubiquitin ligases PDZ and LIM domain 2 (PDLIM2), SOCS1 and copper metabolism 
gene MURR1 domain-containing protein 1 (COMMD1) (Tanaka et al. 2007; Maine et al. 2007; 
Saccani et al. 2004). A different process of NF-κB termination for late-induced genes is the 
inhibition of nuclear NF-κB activity. The protein Radiation-inducible immediate-early gene IEX-1 
binds to the p65 TAD impairing NF-κB-induced gene expression. In a similar way IκBς is not 
degraded and localizes in the nucleus preventing NF-κB-DNA binding (Totzke et al. 2006) (Figure 
1B).   
All the mechanisms abovementioned indicate that there are time-specific control 
mechanisms that allow NF-κB activity under different situations and at different extents and 
intensities. For instance, IκBα is fully resynthesized within one hour after TNF-α treatment, IκBε 
and A20 appear 90 min after NF-κB induction by TNF-α and so, are likely to terminate the late 
NF-κB response (Werner et al. 2008). Moreover, NF-κB activity has different outcomes when the 
stimuli are sustained or, on the contrary, are time-limited. This difference is easily observed in the 














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































4.2. NF-κB cytosol-nuclear translocation dynamics 
 
NF-κB regulates many cell signalling processes and, as aforementioned, its activity is 
regulated by several factors, including the translocation rates from the cytosol to the nucleus. 
NF-κB regulates synthesis and activity of many of its inhibitors, which generates an oscillatory 
behaviour determining the conversion between active and inactive states. The dynamics of cytosol 
to nucleus translocation is controlled by several factors including different phosphorylation states 
of the heterodimer, the cell type, and the specific IκB protein that binds to the NF-κB subunit. 
Differences in this cytosol-nuclear oscillations has consequences in transcriptional activity (Bosisio 
et al. 2006; Sung et al. 2009). Single-cell studies corroborate the variations of the NF-κB nuclear 
concentration (Hoffmann et al. 2002; Nelson et al. 2004; Tay et al. 2010a; Zambrano et al. 2014). 
Oscillations between cytosol and nucleus have been reported for other transcription factors such 
as p53 (Levine et al. 2013). 
Studies performed at the cell population level show that NF-κB signalling follows a 
biphasic mode. The first phase involves sensing and integration of the stimulus and is 
characterized by intense activation of NF-κB. This phase is rapidly attenuated by negative 
feedback, which gives way to the second phase characterized by an oscillatory behaviour of the 
regulator (Nelson et al. 2004). Live-cell imaging has allowed the measurement of the cytosol to 
nucleus ratio of p65 (one of NF-κB subunits) at single cell level. Early studies showed that in cell 
cultures subjected to a TNF-α treatment, the majority of the cell population displays at least two 
cycles of oscillation (Sung et al. 2009). A follow-up of the response showed that nuclear 
localization of NF-κB decreases over time and the oscillatory peaks become smaller. Moreover, the 
same study denoted that the majority of the cells oscillated in a variable period with a median of 
2.2 h. Blockage of NF-κB oscillations with either cycloheximide (CHX), a drug that inhibits 
proteins translation and therefore impeds re-synthesis of IκBα; or leptomycin B (LMB), a drug 
that blocks exportin-1 required for NF-κB nuclear export, induces robust changes in gene 
expression. Upon TNF-α treatment, NF-κB target genes are strongly induced in the CHX treated 
cells (IκBα is not present to attach to and return NF-κB to the cytosol) and damped in the LMB 
treated cells (NF-κB is in the nucleus but bound to IκBα) (Sung et al. 2009). Together, these 
results support the idea that NF-κB oscillations are an important variable that directly affects its 
activity. Many NF-κB targets are cytokines and chemokines that in excess can be deleterious to the 
cell. This may explain the sophisticated and varied mechanisms that converge in modulating NF-
κB function.  
Certain stimuli can induce different oscillatory patterns in NF-κB due to primary and 
secondary activation waves. Thus, TNF-α-treated fibroblasts induce massive NF-κB nuclear 
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translocation, a phenomenon rapidly attenuated by negative feedback (Zambrano et al. 2014). 
However in cells treated with LPS, NF-κB has a more sustained nuclear location. In this case, LPS 
activates NF-κB that in turn will induce transcription of TNFA, which, once translated, will 
generate an autocrine loop activating again NF-κB. This diversity in oscillatory profiles is reflected 
by distinct transcription expression profiles (Werner et al. 2005). 
Several single cell-based studies examined NF-κB oscillations induced by activators such as 
TNF-α or LPS (Hoffmann et al. 2002; Nelson et al. 2004; Tay et al. 2010b; Zambrano et al. 
2014). However, there are few publications exploiting this technique to study the impact of 
bacterial pathogens in NF-κB oscillatory behaviour in living cells. In some of these studies with 
bacterial pathogens, NF-κB translocation was analysed using immunostaining techniques in fixed 
infected cells (Anand et al. 2012). In experiments involving time-lapse microscopy of live cells 
infected with Legionella pneumophila, Bartfeld and co-workers reported a biphasic activation of 
NF—κB by this intracellular pathogen (Bartfeld et al. 2009). The first wave of activation is 
dependent on the flagella sensed by TLR5 that in turn, activates MYD88. The second activation 
phase is characterized by a sustained nuclear location of NF-κB, an effect triggered by protein 
effectors translocated to the host cell by the specialized Dot/Icm secretion system of this 
pathogen. NF-κB activation was also implicated as a host factor controlling L. pneumophila 
intracellular replication. Thus, pathogen mutants unable to activate NF-κB show reduced capacity 
to proliferate inside the host cell (Bartfeld et al. 2009). A biphasic NF-κB translocation pattern 
also occurs in cells infected with Helicobacter pylori. In this case, NF-κB activation is modulated by 
the type four secretion system (T4SS) of the pathogen (Bartfeld et al. 2010). Similar studies 
performed with Neisseria gonorrhoeae revealed that in this infection model, NF-κB activation is 
related to pilus retraction and microcolony formation by this pathogen (Dietrich et al. 2011). So 
far, no studies have reported NF-κB dynamics in Salmonella-infected cells.  
 
5. Salmonel la and NF-κB  
 
5.1. Salmonel la  induces NF-κB activation 
 
S. Typhimurium stimulates NF-κB activation through different mechanisms. Activation of 
this transcriptional regulator via PRR has been commented in section 2.1. To sum up, eukaryotic 
cells sense LPS, flagellin, lipoproteins or CpG-rich DNA via TLR4, TLR5, TLR1/TLR2/TLR6 
and TLR9 respectively. Peptidoglycan fragments are recognized by NLR (NOD1 and NOD2). 
These pathways converge in NF-κB activation. Moreover, S. Typhimurium modulates PRR activity 
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using effector proteins translocated by T3SS. In macrophages and epithelial cells, PrgI and SsaG, 
structural components of the SPI1-T3SS and SPI2-T3SS, respectively, activate NF-κB through 
TLR2 and TLR4 in an MYD88 dependent manner (Jessen et al. 2014). SipA, a secreted SPI1-
T3SS effector, can trigger inflammation by activating NOD1 and NOD2 and, consequently, NF-
κB (Keestra et al. 2011). This role seems to be in addition to its implication in modulating actin 
cytoskeleton dynamics or neutrophil transepithelial migration. It has been suggested that NF-κB 
activation by S. Typhimurium could serve as an alarm signal to the cell to infer the presence of 
intracellular bacteria (Keestra et al. 2011). A recent study also shows that NOD1 can bind directly 
the SPI1-T3SS effector SopE and thus, sense the infection (Keestra et al. 2013). Shigella effector 
proteins IpgB2 and OspB activate NOD1 by a similar mechanism (Fukazawa et al. 2008). SopE is 
also reported to act as GEF in fibroblast-like cells COS-7, exchanging GTP in CDC42-GDP and 
RAC1-GDP, and SopE2 to CDC42-GDP. Both CDC42-GTP and RAC1-GTP activate c-Jun N-
terminal kinase (JNK) which in turn activate transcription factors that stimulate cytokine 
expression (Hardt et al. 1998; Friebel et al. 2001). Furthermore, SopE activity has been linked to 
extracellular signal-regulated kinases (ERK). Regarding SPI2-T3SS effectors, another recent study 
reported that SrfA enhances NF-κB activity. SrfA binds the IRAK-1-Toll interacting protein 
(TOLLIP), which normally sequesters IRAK1. When SrfA binds to TOLLIP, IRAK1 is free to be 
part of the “Myddosome” and promote NF-κB activation (Lei et al. 2015).  
 
5.2. Salmonel la  inhibits NF-κB activity 
 
The SPI1-T3SS protein effector AvrA has DUB activity. It targets IκBα attenuating its 
ubiquitination and, as a consequence, its subsequent degradation (Ye et al. 2007). In this state, 
NF-κB remains bound to IκBα and is not free to translocate to the nucleus. AvrA has also been 
linked to suppression of apoptosis, likely mediated through inhibition of JNK-induced apoptosis 
(Wu et al. 2012). SspH1, a protein effector that can be substrate of both SPI1-T3SS and 
SPI2-T3SS, was shown to locate in the nucleus of the infected cell (Haraga & Miller 2003) and to 
interact with protein kinase N1 (PKN1) to inhibit NF-κB-dependent gene expression (Haraga & 
Miller 2006). SptP, a SPI1-T3SS protein effector, contributes to IL-8 secretion inhibition together 
with SspH1 (Haraga & Miller 2003). Other secreted protein effectors are PipA, GogA and GtgA. 
These have recently been described as proteases that target p65 in the nucleus of epithelial cells, 






As the intracellular infection progresses, some protein effectors translocated by the 
SPI2-T3SS contribute to NF-κB inhibition. Thus, SseL has DUB activity and targets IκBα to 
reduce its ubiquitination, which prevents IκBα degradation and subsequent NF-κB activation (Le 
Negrate et al. 2008). The effector protein GogB targets the F-box only protein 22 (FBXO22), an 
interaction that facilitates binding of GogB with S-phase kinase-associated protein 1 (SKP1), a 
component of the SCF ubiquitin ligase complex. Lowering the ubiquitination rate in the host 
cell, GogB reduces IκBα degradation and as a result prevents NF-κB activation (Pilar et al. 2012). 
SseK1 is a SPI2-T3SS protein effector that inhibits NF-κB activation by TNF-α. TNF-α is 
recognized by distinct TNF receptors (TNFR) including TNFR1, TNFR2, TNFR6 (also known as 
FAS1) and TNF-related apoptosis-inducing ligand receptor (TRAIL). These receptors interact with 
distinct adaptors, such as TNFR1-associated death domain protein (TRADD) and FAS-associated 
death domain protein (FADD). SseK1 has a N-acetylglucosamine (GlcNAc) transferase activity 
that modifies TRADD. SseK1, and its E. coli homologue NleB, also modify the death-domain of 
TNFR1, so it cannot dimerize. TNF-α mediated activation of NF-κB is therefore disrupted by 
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It is also well described the capacity of intracellular Salmonella to use its protein effectors in 
order to modulate activation of MAPK. Some of these effectors inhibit MAPK to downregulate 
the innate immune system. The aforementioned SPI1-T3SS effector AvrA, which inhibits NF-κB, 
can also inhibit JNK phosphorylation in an intestinal ex vivo model and, in this way, prevents 
apoptosis of the infected cell (Jones et al. 2008). Another study showed that JNK diminished 
activation is due to inhibition of MAPK kinase-7 (MKK7) by AvrA (Du & Galán 2009). SptP, a 
SPI1-T3SS delivered effector, has phosphatase and GTPase-activating protein (GAP) activity. In 
macrophages, SptP inhibits RAF, a MAPKKK of ERK, by two distinct mechanisms: in one hand, 
it blocks RAF traffic to the membrane of the cell by its GAP activity. On the other hand, SptP 
inhibits RAF phosphorylation in the Tyr340 utilizing its GAP and phosphatase activity (Lin et al. 
2003). ERK activation leads to an anti-apoptotic scenario that benefits the pathogen (McCubrey 
et al. 2006). SptP also acts as a GAP to transform GTP-linked CDC42 and RAC1 to CDC42- and 
RAC1-GDP to counteract the role of SopE and SopE2 (Murli et al. 2001). SpvC is a protein 
effectors secreted by SPI2-T3SS in vivo that inhibits ERK phosphorylation. Additionally, 
macrophages infected with SpvC-overexpressing S. Typhimurium reduce the amount of secreted 
cytokines (Mazurkiewicz et al. 2008). Other authors report that SpvC could target ERK, p38 and 
JNK for dephosphorylation (Zhu et al. 2007).  
Other bacteria such as Yersinia spp. and Shigella flexneri have also mechanisms to inhibit the 
NF-κB response (Sellge & Kufer 2015). For instance, YopJ effector from Yersinia targets TAK1, 
RIP2, IKK and mitogen-activated protein kinases (MAPK) such ERK, JNK and p38 to inhibit 
most of the signals from PRR (Zhang et al. 2005; Mukherjee et al. 2006; Meinzer et al. 2012). The 
Shigella protein effector OspF dephosphorylates ERK and, in addition, inhibits activity of histone 
3 that opens the chromatin to facilitate accessibility to NF-κB, which promotes transcription 






























The global objective of this work was to understand how Salmonella enterica serovar Typhimurium 
modulates cell-signaling pathways in the fibroblast to establish a persistent infection.  
 
The partial goals of this PhD thesis were: 
 
1. To study the putative contribution of NOD receptors and peptidoglycan sensing in 
controlling the growth of S. Typhimurium inside fibroblasts. 
 
2. To study the nuclear-cytosol translocation dynamics of the eukaryotic regulator NF-κB in 
fibroblasts incubated with S. Typhimurium.  
 
3. To determine the biological significance of NF-κB activity alteration due to the 
S. Typhimurium infection. 
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1. Biological material 
 
1.1. Bacterial strains  
 
The S. Typhimuirum strains used in this study are listed in the Table S1. 
 
Bacteria were routinely grown in lysogeny broth (LB) (Affimetrix, 75852) at 37ºC. For the 
tissue culture infection experiments, bacteria were grown at 37ºC in LB in non-shaking 
conditions. For other purposes, bacteria were grown in shaking conditions (150 rpm). 
Antibiotics were used when required. See details in section “2.3. Antibiotics”.  
 
1.2. Eukaryotic cell lines and growth conditions 
 
The following cell lines were used:  
- BJ-5ta human foreskin fibroblasts (ATCC CRL-1004) 
- Mouse embryonic fibroblasts (MEF) from different mouse genetic backgrounds: 
o C57BL/6J (see section ‘isolation of mouse embryonic fibroblasts’) 
o C57BL/6J p65-GFP knock-in (De Lorenzi et al. 2009) 
o C57BL/6J NOD1—/— knock-out (kindly provided by Dr. Dana Philpott, Toronto 
University, Canada) 
o C57BL/6J NOD2—/— knock-out (see section ‘isolation of mouse embryonic 
fibroblasts’) 
o C57BL/6J RIP2—/— knock-out (kindly provided by Dr. Dana Philpott, Toronto 
University, Canada) 
o C57BL/6J MYD88—/— Knock-out (mice kindly provided by Dr. Carlos Ardavín, 
Centro Nacional de Biotecnología, Madrid)  
 
MEF (with the exception of p65-GFP knock-in MEF) were grown in Dulbecco’s modified 
essential medium (DMEM) (Gibco, 12100-061) containing 10 % of heat-inactivated fetal 
bovine serum (FBS). For culture of BJ-5ta human fibroblasts, 2 % of medium 199 (Sigma 
Aldrich, #M5017) was added. p65-GFP knock-in MEF were cultured in phenol-red free 
DMEM (Gibco, 21063-029) supplemented with 10 % FBS, 50 µM β-mercaptoethanol 
(Gibco, 21985023), 1 % (w/v) L-glutamine (Gibco 25030081), 1 % (w/v) sodium pyruvate 
(Gibco, 11360070) and 1 % non-essential aminoacids (Gibco, 11140050). Cell cultures were 
incubated at 37oC in a humidified incubator with 5 % CO2. For amplification and 
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subculture cells were detached with 0.1 % trypsin 1 mM EDTA and subsequently diluted in 
cell culture medium. BJ-5ta human fibroblasts and MEF were subcultured up to 30 and 9 
times, respectively.  
 
2. Biological and chemical reagents 
 
2.1. Antibodies and fluorescent dyes 
 
The primary antibodies used in this study included:  
- Rabbit polyclonal anti-phospho-NF-κB p65 (Ser536) (Cell Signalling, #3031), 
dilution 1:1000 
- Rabbit polyclonal anti- NFκB p65 (Santa Cruz Biotechnology, sc372), dilution 1:300 
for western blot and 1:50 for immunofluorescence microscopy 
- Rabbit polyclonal anti-IκBα (Cell Signaling Technology, #9242), dilution 1:1000 
- Rabbit polyclonal anti-TRAF6 (Santa Cruz Biotechnology, sc-7221), dilution 1:400 
- Rabbit polyclonal anti-IκB-β (Santa Cruz Biotechnology, sc-945), dilution 1:1000 
- Rabbit polyclonal anti-BCL-3 (Santa Cruz Biotechnology, sc-185), dilution 1:1000 
- Mouse monoclonal anti-S. Typhimurium LPS (a gift of Prof. J.M. Slauch, University 
of Illinois, Champaign-Urbana, IL, clone MLK33), dilution 1:1000 
- Mouse monoclonal anti-glyceralhedye-phosphate dehydrogenase, GAPDH (A gift of 
Dr. E. Palomer, CBMSO, Madrid, AbCam, clone 6c5), dilution 1:20000 
- Mouse monoclonal anti-tubulin (Sigma-Aldrich, clone DM1A), dilution 1:50000 
- Rabbit monoclonal anti-histone H3 (A gift of Dr. S. Benvegnu, CBMSO, Madrid, 
Cell Signaling Technology, #4499), dilution 1:1000 
 
Secondary antibodies used in this study included:  
- Goat polyclonal anti-mouse IgG conjugated to horseradish peroxidase, HRP (Bio-
Rad, #1706516) dilution range from 1:2000 to 1:10000 
- Goat polyclonal anti-rabbit IgG HRP-conjugated (Bio-Rad, #176515) dilution range 
from 1:2000 to 1:10000 
- Goat polyclonal anti-mouse IgG conjugated to Alexa 488 nm (Life Technologies, 
#A11029), dilution 1:1000 
- Goat polyclonal anti-rabbit IgG conjugated to Alexa 594 nm (Life Technologies, 
#A11037), dilution 1:1000 
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- Goat polyclonal anti-mouse igG conjugated to Alexa 647 nm (Life Technologies, 
#A21235), dilution 1:1000 
 
Fluorescent dyes used:  
- 4’-6’-diamino-2-phenylindole (DAPI) (Sigma-Aldrich, #D9542), 25 ng/µl 




Cytokines used in this study were:  
- Recombinant human IL-1β (PreproTech, #200-01B) at 10 ng/ml 




The following antibiotics were used in this study:  
- Gentamicin (Sigma Aldrich, #G-1397-10ML), at 25 µg/ml 
- Ampicillin (Normon, #654821.9), at 100 µg/ml 
- Chloramphenicol (Sigma Aldrich, #C-0378), at 10 µg/ml 
- Kanamycin (Sigma Aldrich, #K1377), at 30 µg/ml 
 
3. Bacterial infection of eukaryotic cells 
 
For the infection experiments, bacteria were grown overnight (∼ 18 h) in LB at 37ºC in 
static, non-shaking conditions. Final optical density at 600 nm (OD600) was ∼ 1. One ml of 
bacterial culture was centrifuged (4300 x g, 2 min, RT) and the bacterial pellet resuspended 
in 1 ml of “complete” phosphate-buffered saline (PBS) pH 7.4 containing Mg2+ (0.9 µM) and 
Ca2+ (0.49 µM). Fibroblasts cultures were infected at a multiplicity of infection (MOI) of 10:1 
(bacteria to eukaryotic cells). Confluence of the fibroblast culture was maintained at 60-90 % 
at the time of infection. Fibroblasts and bacteria were co-incubated for different times (10 
min, 20 min or 30 min), depending on the experiment and as such it is indicated. Infected 
cells were subsequently washed with complete PBS followed by addition of fresh tissue 
culture medium containing 25 µg/ml gentamicin.  
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4. Construction of S.  Typhimurium deletion mutants 
 
S. Typhimurium deletion mutants were constructed by one-step inactivation using PCR 
products, as described (Datsenko & Wanner 2000). The oligonucleotides used as primers for 
the mutagenesis are listed in Table S2. When multiple deletion mutants were constructed, 
the antibiotic resistance cassette was removed using pCP20 plasmid (Cherepanov & 
Wackernagel 1995). 
 
Transduction of mutant alleles to distinct genetic backgrounds was performed by 
transduction using P22 HT105/1 int201 phage (Schmieger 1972; Maloy 1990). Phage-free 
transductants were identified as white CFU on evans-blue uranine (EBU) plates as described 
(Chan et al. 1972). EBU plates contained LB medium with 0.25 % glucose (w/v), 0,25 % 
K2HPO4 1.25 ‰    evans blue (w/v), 2.5 ‰    uranine (w/v). 
 
5. Isolation of mouse embryonic fibroblasts (MEF) 
 
Mouse embryonic fibroblasts (MEF) were isolated as described (Xu 2005). Briefly, 
pregnant females were sacrificed by cervical dislocation at the day 14.5 post coitum. The 
uterine horns were separated from the body and each embryo was processed separately. Head 
and red organs (heart and liver) were discarded and the remaining tissue was disrupted with 
2 ml of 0.1 % (w/v) trypsin 1 mM EDTA using a micropipette. The cell suspension was 
seeded in p150 cell culture plates (Falcon, #353025) with 25 ml of DMEM containing 10 % 
FBS and 1/1000 (v/v) penicillin-streptomycin solution (Gibco, #15070-063). After 3-4 days, 
cell culture plates were confluent and cells were frozen in cell culture media containing 10 % 
dimethyl sulfoxide (DMSO)  (v/v) (Sigma Aldrich, #154938), as described (Pegg 2007). 
 
6. Cell sorting of fibroblast cultures 
 
Fibroblasts were seeded in 15 cm tissue culture dishes (Falcon, 353025) and infected the 
next day. At the indicated post-infection times, the culture was rinsed twice with PBS and 
cells detached with 0.1 % (w/v) trypsin 1 mM EDTA for 5 min at 37ºC. Cells were collected 
in ice cold sorting buffer [5 mM EDTA, 25 mM HEPES, 0.5 % (v/v) bovine serum albumin 
(BSA) in PBS pH 7.4], centrifuged at 200 x g, 5 min, 4ºC, and resuspended in the same 
buffer at a density of 5 x 106 cells/ml. Cell sorting was performed in either a SY3200 Cell 
Sorter system (Sony Biotechnology Inc.) in the Centro Nacional de Investigaciones 
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Oncológicas (CNIO), Madrid, or in a FACSARIA III Sorter system (Becton Dickinson) in 
the Centro de Biología Molecular Severo Ochoa (CBMSO), Madrid. In both cases, the 
sorted cells were collected in PBS pH 7.4 containing 2 % BSA. Cells were further harvested 
by centrifugation (200 x g, 10 min, 4ºC), washed once in cold PBS pH 7.4, centrifuged (200 
x g, 10 min, 4ºC), and resuspended in Trizol (Thermo Fisher Scientific, 15596026) at a 
density of 106 cells/ml for RNA purification and protein extraction or; alternatively, in 
Laemmli buffer (87.5 mM Tris-HCl pH 6.8, 3.2 % (w/v) SDS, 7.5 % (v/v) glycerol, 150 mM 
DTT) for protein extraction (see section 8. Cell lysis and protein extracts). In those 
experiments involving cell fractionation with non-anionic detergents (Triton X100), the 
sorted cells were resupended in fractionation buffer [50 mM Tris-HCl pH8, 0.5 % Triton X-
100, 137.5 mM NaCl, protease inhibitors (Complete, Roche), 1 mM sodium ortovanadate]. 
 
7. ICAM-1 detection by flow cytometry  
 
Human BJ-5ta fibroblasts were seeded the day before the experiment in 6-well tissue 
culture plates (Falcon, #353046). These fibroblasts were infected with DsRed-expressing 
S. Typhimurium for 25 min using a MOI of 10:1 (bacteria:fibroblast). Subsequently, the 
infected culture was rinsed three times with PBS pH 7.4 and the cells detached with 0.25 % 
(w/v) trypsin 1 mM EDTA for 30 s. Trypsin was then inactivated with complete medium and 
fibroblasts harvested by centrifugation (300 x g, 10 min, 4ºC). Cells were stained with FITC-
conjugated mouse anti-human CD54 (ICAM-1) (Immunotech, clone 84H10) in PBS pH 7.4 
supplemented with 2 % (v/v) FBS for 30 min at 4ºC, washed in PBS pH 7.4, and fixed in 4 
% (w/v) paraformaldehyde (PFA). Cells were analyzed on a Beckman Coulter Cytomics 
FC500 fitted with a 488 nm Argon laser (Beckman Coulter) and further reviewed with 
Kaluza software (Beckman Coulter).  
 
For experiments involving analysis of infected MEF, the protocol was the same as for 
human fibroblasts with slight modifications. After ICAM-1 staining with phycoerythrin (PE)-
conjugated anti-mouse CD54 (BD, clone 3E2), cells were fixed for 10 min in 4 % (w/v) PFA. 
Since S. Typhimurium strains used to infect MEF did not harbor any plasmid expressing 
fluorescent protein markers, the ST+ and ST— populations were distinguished by staining 
with mouse monoclonal antibody MLK33 anti-S. Typhimuirum LPS (dilution 1:250). Cells 
were permeabilized in blocking buffer [PBS pH 7.4, 0.2 % saponin (Sigma Aldrich, 
#8047-15-2) and 5 % (v/v) goat serum (Sigma Aldrich, G9023)]. The primary antibody anti-
LPS was detected with secondary goat anti-mouse antibody conjugated to Alexa647. Cells 
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were analyzed on a Beckman Coulter Gallios cytometer fitted with a 488 nm Argon and 
HE-NE 633 nm lasers. Results were further reviewed with Kaluza software (Beckman 
Coulter). 
 
8. Cell lysis and protein extracts 
 
To obtain whole cell lysates, cells were cultured overnight in 6-well plates (Falcon, 
#353046). Protein extracts were obtained by lysis of the fibroblast culture with 200 µl of 1.5 x 
Laemmli buffer per well (∼1.5 x 105 cells per well). These extracts were further heat at 98ºC 
for 5 min and centrifuged (13,400 x g, 5 min, RT). 
 
To obtain protein extracts from sorted cells, the Trizol protocol was followed with slight 
modifications. Cell populations were resuspended in 200 µl PBS containing 1 % (w/v) SDS, 
incubated overnight at 50 ºC, and sonicated 3 x 5 min in a sonication bath (47 kHz ± 6 %). 
An appropriate volume of 6 x Laemmli buffer was added to each sample depending on the 
amount of sorted cells collected to a final concentration of 1.5 x 105 cells per 100 µl. 
 
9. Western blotting  
 
For protein immunodetection, cell lysates corresponding to ∼104 fibroblast cells, were 
separated by electrophoresis in a 10 % polyacrylamide-glycine-SDS gel. The electrophoresis 
buffer was composed by 25 mM Tris base, 0.2 M glycine and 1 % (w/v) SDS. The 
electrophoretic apparatus used was “Mini-protean 3 Cell” (Bio-Rad) and the source “Power-
Pac” (Bio-Rad).  
 
Proteins separated in the gel were transferred to a polyvinylidene difluoride (PVDF) 
membrane (Immobilon-P, Millipore) using a semi-dry transfer system (Trans-blot Turbo 
Transfer System, Bio-Rad). The PVDF membrane was previously activated by incubating 
1 min in methanol (Sigma, #32213) and then equilibrated with transfer buffer (48 mM 
Tris-HCl, 39 mM glycine, 0.036 % (w/v) SDS and 20 % (v/v) methanol, pH 8.5). The 
transference to the PVDF membrane was performed at 25 V for 30 min.  
 
PDVF membranes were subsequently blocked for 1 h at room temperature with either 
5 % (w/v) semi-skimmed milk or 5 % (w/v) BSA diluted in TBS-T buffer (20 mM Tris-HCl 
pH 7.5, 150 mM NaCl, 0.1 % (v/v) Tween-20). Membranes were incubated overnight at 4ºC 
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with the optimal dilutions of each antibody in TBS-T including 5 % semi-skimmed milk or 
5 % BSA. Next, membranes were subjected to three washing steps (5 min each) in TBS-T and 
1 h incubation with the respective secondary HRP-conjugated antibody diluted in TBS-T. 
After three washing steps (5 min each), enhanced chemiluminiscence (ECL) developing 
reagent (Bio-Rad, #1705061) was used to visualize proteins.  
 
10. RNA extraction 
 
Sorted cells were lysed with Trizol (Thermo Fisher Scientific 15596026) using a ratio of 1 
ml per 106 cells to purify RNA following manufacturer recommendations. RNA was 
precipitated with isopropyl alcohol overnight at -20ºC. Total RNA obtained was finally 
resuspended in RNase-free H2O. Samples were quantified with NanoDrop 1000 
Spectrophotometer and the concentration adjusted to 100 µg/ml. RNA integrity was assessed 
visualizing 18S and 28S rRNAs in a 1.2 % (w/v) agarose gel.  
 
11. Reverse transcription quantitative PCR (RT-qPCR) 
 
One µg of total RNA was reverse transcribed to cDNA using “High capacity cDNA 
reverse transcription kit” (Applied Biosystems, #4368814) following manufacturer 
instructions. Oligonucleotides listed in Table S2 were designed using the Primer-BLAST tool 
(Ye et al. 2012), restricting PCR product size from 50 to 100 nt and spanning exon-exon 
regions when possible. RT-qPCR was carried out in an ABI Prism 7500 (Applied Biosystems) 
using the Power SYBR green PCR master mix (Life Technologies, #4367659) under standard 
reaction conditions: melting temperature of 60ºC and an extension time of 1 min. Expression 
levels of each gene in each condition tested were normalized to the levels of hypoxanthine 
posphoribosyltransferase 1(HPRT) transcript.  
 
12. Gene profiling by microarray technology 
 
The concentration and integrity of RNA from sorted fibroblasts were determined in an 
Agilent 2100 bioanalyzer (Agilent Technologies). cDNA derived from RNA extracted 
separately in ST+ and ST— fibroblast populations was amplified using oligo(dT) primers and 
were labeled with Cy3 (ST+ sample) and Cy5 (ST— sample). These cDNA samples were later 
hybridized in a commercial “SurePring G3 Unrestricted Gene expression 8x60K Microarray” 
(Agilent Technologies, #G4858A-02800), representing a total of 35,377 human genes. 
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Hybridization conditions, data acquisition, normalization and statistical analysis were 
performed as described (Mariscotti & García-del Portillo 2009). FIESTA viewer (available in 
http://bioinfogp.cnb.csic.es/tools/FIESTA) was used to graphically visualize the results 
applying different statistical filters to the values  
 
13. Gen Set Enrichment Analysis (GSEA)  
 
The GSEA software, version v2.1.0 (Mootha et al. 2003; Subramanian et al. 2005), was 
used to analyze gene expression profiles and to define functional groups of genes enriched in 
one of the samples when comparing two experimental conditions. Gene identifiers in the 
microarray were unified (to avoid duplicity of data from the two probes in the array for each 
gene) and ranked by the highest absolute Log10 value. The aim of GSEA was to determine 
whether genes belonging to a gen set are randomly distributed in the ranked gene list or, by 
contrast, they accumulate at the beginning or the end of the ranked list. In the ranked list, 
genes with positive values were those induced in the infected (ST+) population and genes 
with negative values, induced in the uninfected (ST—) population. We used GSEA to analyze 
NF-κB target genes distribution in the ranked gene list. For this purpose, we used a published 
list of genes regulated by NF-κB (http://bioinfo.lifl.fr/NF-KB/). The GSEA algorithm 
compared the NF-κB target genes list and the ranked gene list from the microarray, 
establishing the localization of the NF-κB target genes in the ranked list. The Gene Ontology 
database (Harris et al. 2004) was used to determine which GO groups from the Biological 
Processes (BP) sub-set were enriched in infected or uninfected cell population 
 
14. Microarray accession number 
 
Genome expression data obtained from the sorted ST+ and ST— populations of BJ-5ta 
human fibroblasts were deposited in the GEO database (Edgar et al. 2002) under accession 
number GSE71727. 
 
15. Phototoxicity test 
 
Infected fibroblast cultures were incubated for 6 h in a humidified 5 % CO2 atmosphere 
in the CO2 incubator or, alternatively, inside a thermostated microscope chamber. Images 
were taken every 6 min as described in section “17. Live cell imaging using time-lapse 
microscopy”. Four conditions were examined: i) GFP-p65 MEF infected with DsRed 
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expressing S. Typhimurium in the presence of Hoechst 33342 derivative; ii) GFP-p65 MEF 
infected with DsRed expressing S. Typhimurium without Hoechst 33342 derivative; iii) GFP-
p65 MEF infected with wild type S. Typhimurium in the presence of Hoechst 33342 
derivative; and, iv) wild type MEF infected with DsRed expressing S. Typhimurium in the 
presence of Hoechst 33342 derivative. Fibroblasts seeded in three 8-well plates (Ibidi, 80426) 
were infected as described in section “3. Bacterial infection of eukaryotic cells”. Viable 
intracellular bacteria were quantified at 1 and 6 hpi using lysis buffer [PBS pH 7.4, 1 % (v/v) 
Triton X-100, 0.1 % SDS] for 5 min at room temperature followed by plating of lysate 
dilutions onto LB agar to count colony-forming units (CFU) in the next day.  
 
16. Apoptosis assay 
 
MEF previously infected with DsRed expressing S. Typhimurium were incubated at 3 hpi 
in tissue culture media containing 1 M sorbitol during 1 h. Fibroblasts were then detached 
with 0.1 % trypsin 1 mM EDTA and labeled with fluorescein isothiocyanate (FITC)-annexin 
V (Southern, 10040-02). Annexin V binds to phosphatidyl serine (PS) on the plasma 
membrane allowing detection of membrane damage, which is characteristic of early apoptosis 
(Fadok et al. 1992). Fibroblasts were further analyzed on a Beckman Coulter Gallios 
cytometer fitted with a 488 nm Argon and HE-NE 633 nm lasers. Results were further 
reviewed with Kaluza software (Beckman Coulter). 
 
17. Salmonel la  intracellular proliferation rate calculation 
 
MEF were infected as described in section “3. Bacterial infection of eukaryotic cells”. At 
determined time points post-infection, fibroblasts were lysed using lysis buffer [PBS pH 7.4, 
1 % (v/v) Triton X-100, 0.1 % (v/v) SDS} and serial dilutions of viable intracellular S. 
Typhimurium were plated onto LB-agar plates to count the CFU the next day.  
 
18. Immunofluorescence of fixed cells 
 
MEF were seeded the day before onto glass coverslips in 24-well plates (Falcon, 353226). Cells 
were infected as described in section “3. Bacterial infection of eukaryotic cells”. At 
determined time points post-infection, fibroblasts were washed twice with PBS pH 7.4 and 
subsequently fixed with 4 % (w/v) PFA at room temperature for 15 min. After two washing 
steps with PBS, fixed cells were incubated in blocking buffer [PBS pH 7.4, 5 % (v/v) goat 
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serum (Sigma Aldrich, G9023)]. Cells were stained with FITC-conjugated mouse anti-human 
CD54 (ICAM-1) (Immunotech, clone 84H10) in PBS pH 7.4 supplemented with 2 % (v/v) 
FBS for 1 hour at room temperature and washed 3 times in PBS pH 7.4. Stained coverslips 
were mounted in microscope slides with ProLong gold antifade mountant (ThermoFisher, 
36934). Cells were observed in a Leica DMI 6000B wide-field microscope and images were 
acquired with a Orca-R2 CCD camera (Hammamatsu Photonics). 
 
19. Live cell imaging using time-lapse microscopy 
 
For live cell imaging, GFP-p65 knock-in MEF were seeded on either chambered cover 
glasses (ThermoFisher, 155383) or on microfluidic plates (CellASIC ONIX M04S-03) the day 
before the experiment.  
 
Nuclei were stained with the Hoechst 33342 derivative (ThermoFisher, #R37605). Five µl 
of the reagent were added per ml of tissue culture medium 1 h prior to the experiment. 
When indicated, TNF-α was added to the cell culture medium to a final concentration of 10 
ng/ml.  
 
The microfluidic system was used to perform transient incubations of bacteria and 
fibroblasts followed by continuous washes to eliminate extracellular (non-internalized) 
bacteria and cytokines. Visualization of living p65-GFP knock-in MEF was performed in a 
Leica TCS SP5 confocal microscope with an incubation chamber where the cells were stably 
maintained at 37ºC in humidified 5 % CO2 atmosphere.  Time-lapse images were acquired at 
6 min intervals. Microscope setting was adjusted to obtain information of the whole cell 
thickness: low magnification objective (20 x 0.5 numeric aperture, NA) with an open pinhole 
(Airy 3) and an image width of 10.7 µm. GFP signal was imaged at 488 nm, Hoechst-stained 
nuclei at 405 nm and DsRed-expressing S. Typhimurium at 543 nm. Images were acquired as 
16 bit, 1024x1024 TIFF files.  
 
20. Imaging and quantification of NF-κB dynamics 
 
To evaluate NF-κB cytosol to nuclear oscillations in a large number of cells, a dedicated 
software was designed (Zambrano et al. 2014; Zambrano et al. 2016). This software calculates 
the “nuclear-to-cytosol ratio” of the intensity (NCI) derived from GFP-p65 in hundreds of 
cells. This is an internally-normalized measure since it is a ratio of intensities calculated in 
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different areas of the same cell and it is not affected by experimental distortions such as 
variations in cell focus or laser intensity. NCI does not require a perfect segmentation of the 
cytoplasm, as long as we are only interested in the average intensity that can be estimated 
from a smaller cytoplasmic area. The software, designed by Dr. Samuel Zambrano (San 
Raffaele Scientific Institute, Milan, Italy), was written on GNU-Octave 
(https://www.gnu.org/software/octave/) and works as follows: from each time-lapse 
experiment, we retrieve images of the Hoechst, GFP and DsRed channels. To estimate the 
“average cytoplasmic intensity”, we first estimated background intensity around each nucleus 
by taking a large square around it, dividing it in tiles and taking the small average tile 
intensity as the background. Then pixels belonging to the cytoplasm are those above the 
background value. Average value of the cytoplasm intensity in each cell was calculated then by 
taking values of cytoplasmic pixels in a window of size 1.5 times the size of the nucleus. 
 
21. Statistical analyses 
 
A two-sided Kolmogorov Smirnov test was used to analyze the statistical difference 
between maximum NCI values in ST+ and ST— fibroblast populations or in their values in 
each time point of our time-lapse experiments. Gene expression data were analyzed by one-
way analysis of variance (ANOVA) with Bonferroni’s Multiple Comparison Test using Prism 
version 5.0 (GraphPad Software, Inc.). Differences in values with P < 0.05 were considered 
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NOD (nucleotide oligomerization domain) receptors belong to the group of receptors known as 
PRR (PAMP –pathogen associated molecular pattern- recognition receptors) and locate in the 
cytosol of mammalian cells. NOD receptors detect fragments of bacterial peptidoglycan (PG) 
(Sorbara & Philpott 2011). In addition, NOD receptors have been recently shown to interact with 
bacterial effector proteins (Keestra et al. 2011; Keestra et al. 2013). Following sensing of their 
ligands, these receptors dimerize and activate the downstream kinase RIP2. Such interaction 
triggers different downstream signalling cascades leading to the activation of MAP kinases and 
NF-κB (Sorbara & Philpott 2011) (see Figure 1A). 
 
Early studies performed with S. enterica serovar Typhimurium (hereinafter S. Typhimurium) 
showed that intracellular bacteria remodel PG structure during a phase of active growth inside 
cultured HeLa epithelial cells (Quintela et al. 1997). Based on these findings, we reasoned that 
PG could be also remodelled, perhaps in a different manner, during the persistent infection of 
fibroblasts. We infected human fibroblasts (BJ-5ta) with S. Typhimurium virulent strain SV5015 
(Mariscotti & García-del Portillo 2009) and extracted PG from intracellular bacteria at 24 hpi. 
HPLC analysis showed that the PG structure of these non-growing persistent bacteria differs from 
that of extracellular bacteria present in the inoculum used for the infection (Rico-Pérez 2015). 
These differences relate mostly to the presence in intracellular bacteria of at least one non-
canonical uncrosslinked muropeptide that harbours an amino-alcohol replacing D-Ala in fourth 
position of the stem peptide (Rico-Pérez 2015). We hypothesized that these minor changes in PG 
could alter its recognition inside fibroblasts and, in this manner, facilitate the persistent infection 
of fibroblasts by S. Tyhpmiurium.  
 
1.1. Role of NOD receptors in attenuating S.  Typhimurium intracellular proliferation 
 
Early work of our laboratory demonstrated that S. Typhimurium exhibits limited growth 
inside fibroblasts (Cano et al. 2001). In this study, we examined whether PG recognition 
contributes to the growth attenuation phenomenon. As abovementioned, minor differences in 
structure occur in the PG of in non-growing intracellular S. Typhimurium (Rico-Pérez 2015). 
Based on these observations, we hypothesized that S. Typhimurium might restrain growth inside 
fibroblasts due to an abnormal recognition of PG fragments by NOD1 and NOD2. This idea was 
tested in mouse embryonic fibroblasts (MEF) obtained from wild type, NOD1—/—, NOD2—/— and 
RIP2—/— knocked out mice in C57BL/6J genetic background. RIP2 is the kinase acting 
downstream of NOD1 and NOD2 required for triggering a defence response against the invading 
pathogen (see Figure 1A). MEF from these mice were incubated for 20 min with S. Typhimurium 
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wild type strain SV5015 grown to early stationary phase. The infected fibroblast culture was then 
incubated in fresh medium containing gentamicin (see Materials and methods). Viable 
intracellular bacteria were determined at 2 and 24 hours post infection (hpi). Figure 3 shows the 
index of proliferation (IPRO) of S. Typhimurium in the four different MEF genotypes. The IPRO 
is the ratio of viable intracellular bacteria here calculated at 24 and 2 hpi. No statistically 
significant difference was observed among the distinct MEF used, with IPRO average values in the 
range of 1.7 – 2.7 (Figure 3). These results discarded a role of NOD1, NOD2 or RIP2 in 
restricting intracellular S. Typhimurium proliferation inside fibroblasts, at least during the first 24 




1.2. NOD receptors and NF-κB activation following S.  Typhimurium infection of 
fibroblasts 
 
Once NOD receptors recognize PG fragments, they dimerize and interact with RIP2 kinase 
via the CARD domain (Park et al. 2007). This interaction activates K63 poly-ubiquitination of 
RIP2 in its residue K209 (Hasegawa et al. 2008). Several E3-ubiquitin ligases are postulated to 
activate RIP2 (Sorbara & Philpott 2011). RIP2 activation induces recruitment of 
TAK1/TAB-1-2-3 complex, which phosphorylates and activate IKKβ (Figure 1A). In turn, the 
IKK complex phosphorylates IκBα, a modification that targets the inhibitor for degradation. This 
signalling cascade results in free NF-κB, which translocates to the nucleus and induces 
transcription of NF-κB response genes (Figure 1A). The phosphorylation status of NF-κB 
subunits is crucial for activation and some phosphorylatable residues are reported to be key 
modulators for NF-κB activity, for instance Ser536 of p65 (Viatour et al. 2005). Based on this 
evidence, we analysed the phosphorylation state of p65 (one of the NF-κB subunits) at Ser536 in 
MEF from NOD1, NOD2 and RIP2 knocked-out mice at distinct times after bacterial 


















are! shown! as! the! intracellular! proliferation! index!
(IPRO)!values!(ratio!of!viables!at!24!vs!2!hpi)!calculated!
as! average! and! standard! error! of! the! mean! (SEM)!
values! of! three! independent! experiments.! MEF! were!
incubated! with! S.! Typhimurium! wild! type! strain!
SV5015! for! 20! min! and! subsequently! incubated! in!
fresh! tissue! culture! medium! containing! 25! µg/ml!
gentamicin.! No! statistical! significance! is! observed.!
Data! were! analyzed! with! onePway! ANOVA! and!
Tuckey’s! postPtest! (values! considered! statistically!
significant!when!P$<!0.05).!!n.s.,!not!significant'
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the relative levels of p65 (total protein) and the phosphorylated form, detected with anti-P-Ser536 
antibody. Figure 4 shows slight differences in the phosphorylation status of Ser536 when 
comparing naive and infected cultures of fibroblasts lacking the distinct NOD receptors. Such 




These results obtained in MEF discarded a clear association between the functional status 
of NOD1, NOD2 and RIP2 and the phosphorylation level in p65. According to the literature, 
NOD1, NOD2 and RIP2 activate NF-κB (Inohara et al. 1999; Ogura et al. 2001) and 
phosphorylation at Ser536 indicates activation of p65 (Neumann & Naumann 2007). Given 
these two evidences, our hypothesis was that differences in NF-κB levels could occur. On the 
other hand, our negative results regarding p65 phosphorylation could be related to infection of 
only part of the fibroblast cell population. Indeed, even in the most favourable conditions, only 
40-50 % of MEF become infected after 20 min of incubation with S. Typhimurium. In this 
condition, an hypothetical slight increase or decrease of NF-κB phosphorylation in infected MEF 
could be masked by the signal of uninfected cells. Due to this potential technical caveat, we 


















WT NOD1 -/- NOD2 -/- RIP2 -/-
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Figure' 4.! p65' phosphorylation' in' NOD1>/>,' NOD2>/>' and' RIP2>/>' MEF' infected' with' S.' Typhimurium.! The!
experiment!was!designed! to! detect! by!western! blotting! p65! phosphorylation! in! residue! Ser536.! The! loading!
control!is!the!total!amount!of!p65!protein.!Intensity!of!the!band!corresponding!to!PPSer536!p65!was!relativized!
by!densitometry!analysis!to!the!band!of!p65!protein.!The!ration!between!the!phosphorylated!form!and!the!total!
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1.3. NF-κB nuclear translocation in S.  Typhimurium-infected MEF lacking NOD receptors 
 
Translocation from the cytosol to the nucleus is an essential step in NF-κB activation and 
this explains why this phenomenon is widely used as robust readout. Thus, we examined NF-κB 
cytosol-nucleus translocation at single cell level in MEF deficient for NOD1, NOD2 or RIP2.  
 
 
To study subcellular location of p65 in infected MEF we labelled both p65 and S. 
Typhimurium LPS by immunostaining to examine the cells by immunofluorescence microscopy. 
We then quantified the percentage of infected cells with nuclear p65 (Figure 5). A cell was 
considered to have active NF-κB when the nuclear intensity in the channel where p65 was 
visualized was higher or equal to the intensity observed in the cytosol. In an average, the relative 
levels of nuclear p65 were higher in cultures of wild type, NOD1—/—, NOD2—/— and RIP2—/— 
fibroblast than in naive MEF. We estimated that in naive fibroblasts, which have not been in 
contact with S. Typhimurium, 3-5 % have nuclear p65 at the same time points as those measured 
in parallel in the infected cultures (2, 6 and 24 hpi). In infected MEF cultures, we noticed that the 
absence of RIP2 correlated at 2 hpi with a reduced proportion of infected cells having nuclear 
p65 (Figure 5). NOD1—/— MEF showed a slight decrease in the percentage of infected cells with 
nuclear p65 but the difference was not statistically significant (P = 0.051). At mid-time points of 
the experiment, 6 hpi, the percentage of infected fibroblasts with nuclear p65 decreased 
significantly in both RIP2—/— and NOD1—/— MEF (Figure 5). At late post-infection times, 24 hpi, 



































of!100! infected!cells!were!analyzed!in!at! least! three! independent!experiments.!Data!were!analyzed!by!a! twoP
way!ANOVA,!with!Bonferroni!postPtest!(*,!P<0,05;!**,!P<0,01)'
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previous time points. Despite the fact that a trend of lower activation (i.e., less infected cells with 
nuclear p65) was observed in RIP2—/— and NOD1—/— MEF, the differences were not statistically 
significant at 24 hpi (Figure 5). Altogether, these results indicated the lack of either NOD1 or 
RIP2 results in diminished NF-κB activation in MEF infected with S. Typhimurium. This effect 
was noticeable at early/mid infection times (2-6 hpi). 
 
Taken together, these results indicate that NOD1 and RIP2 regulate NF-κB nuclear 
translocation in MEF infected with S. Typhimurium since no differences regarding NF-κB nuclear 
translocation were observed in NOD2—/— MEF. This conclusion agrees with the lack of NOD2 
expression in MEF, as revealed by RT-PCR assay (Figure 6).  
 
 
The experiments described above showed a marked difference between the percentage of 
cells having nuclear p65 in naive MEF (not exposed to S. Typhimurium) and the infected MEF 
(Figure 5). This experimental design however did not provide information on other parameters 
(Lee & Covert 2010). For example, the p65 nuclear staining in bystander uninfected cells in the 
culture exposed to bacteria, which involves potential paracrine effects derived from infected cells. 
In addition, the intrinsic dynamic behaviour of NF-κB, with a highly regulated movement from 
the cytosol to the nucleus and vice versa is underestimated in the experiments with fixed cells (Lee 
& Covert 2010). To address the relevance of these phenomena, we designed new experiments 
based on confocal microscopy of live cells exposed to S. Typhimurium.  
Figure'6.'NOD2' is' not' expressed' in'BJ>
5ta' human' fibroblasts.! RTPPCR! assays!
showed! expression! of! NOD1! and! RIP2!
but! not! NOD2! in! BJP5ta! human!
fibroblasts! incubated! with! S.!
Typhimurium!for!20!min.!Total!RNA!was!
purified! at! the! indicated! postPinfection!
times! (2,! 4! and! 6! hpi).! Uninfected!
monocytePderived!macrophages!(MDM)!
were! used! as! a! positive! control! for!
NOD2! expression.! Note! that! the!
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In basal conditions, NF-κB is located in the cytosol of mammalian cells. When the cell perceives 
an external stimulus, the inhibitory IκB proteins that normally sequester NF-κB in the cytosol are 
degraded. This process has as consequence the release and translocation to the nucleus of NF-κB 
(Figure 1). NF-κB exerts its function in the nucleus as a transcription factor. This process is down-
regulated by negative feedbacks that impair continuous NF-κB activation by returning it back to 
the cytosol (Renner & Schmitz 2009; Ruland 2011). NF-κB nuclear translocation has been widely 
studied in fixed cells using immunofluorescence microscopy and using biochemical methods 
based in the detection of NF-κB in nuclear and cytosolic subcellular fractions (Lee & Covert 
2010). Both approaches, cell fixation and the data obtained from nuclei of the entire cell 
population, are not ideal to examine the NF-κB nuclear translocation phenomenon in a temporal 
basis. For this reason, some groups have studied NF-κB dynamics in living cells by expressing 
NF-κB (generally the p65 subunit) fused to a reporter protein. This fusion allows the continuous 
monitoring of NF-κB nuclear translocation in live cells (Bosisio et al. 2006; Lee et al. 2009; 
Bartfeld et al. 2010). So far, few studies dealt with NF-κB dynamics in bacterial infection models. 
Moreover, these studies did not use high-throughput techniques and only analysed a limited 
number of cells (Bartfeld et al. 2009; Bartfeld et al. 2010; Dietrich et al. 2011). None of these 
studies used S. Typhimurium as a model pathogen capable of activating NF-κB. For these reasons, 
we pursued the analysis of NF-κB dynamics in eukaryotic cells infected with this pathogen. We 
also decided to focus our experimental set-up in fibroblasts, a host cell type in which 
S. Typhimurium establishes a persistent infection and triggers a growth self-attenuation program 
(Cano et al. 2001). 
 
2.1. Single-cell analysis of NF-κB dynamics in p65-GFP knock-in MEF  
  
To analyse NF-κB activity at single cell level, we used MEF isolated from p65-GFP knock-in 
transgenic mice (De Lorenzi et al. 2009). Cells obtained from these mice can be easily monitored 
to follow p65 in each individual cell over-time. Moreover, relative levels of p65 in the nucleus and 
the cytosol can be referred to GFP intensity. Importantly, MEF from the p65-GFP transgenic mice 
express p65 at physiological levels and its function is not altered due to the fusion to GFP (De 
Lorenzi et al. 2009; Sung et al. 2009). The study of NF-κB dynamics using this experimental 
system has been reported and validated in several publications (Sung et al. 2009; Zambrano et al. 
2014; Zambrano et al. 2016). In these studies, the authors determined GFP-fluorescence intensity 
in the nucleus and the cytosolic area surrounding the nucleus. The average fluorescence intensity 
in both areas is divided to establish a ratio between the intensity in the nucleus and the cytosol in 
each cell analyzed. This ratio is known as ‘Nuclear to cytosolic intensity’ (NCI). In our live-cell 
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imaging experiments, we stained p65-GFP knock-in MEF with a nuclear probe, a derivative of 
Hoechst 33342, to visualize by confocal microscopy the nuclear area (Figure 7A, left panel). The 
intensity area of the Hoechst dye in the UV channel allowed to mark the boundaries of the 
nucleus, which were further defined and transferred to the image taken in the GFP channel 
(Figure 7A, right panel). Fluorescence intensities derived from the GFP channel were used to 
quantify the NF-κB signal both inside the nucleus and in the cytoplasm of each cell. This 
procedure was carried out in all the frames over-time. Images were acquired every 6 min to have a 
high temporal resolution of the NF-κB location. Figure 7B, shows the real cellular segmentation 
provided by the software used for tracking single cells and establishing the NCI ratio.  
 
 
Control experiments were performed to discard that the only presence of gentamicin could 
alter NF-κB dynamics. Thus, we compared NCI values in untreated cells (Figure 8A) and cells 
treated with gentamicin (Figure 8B). In both cultures, NCI values were stable and remained at 
basal levels. These results indicated that gentamicin treatment does not interfere in the signalling 
cascade that modulates NF-κB activity. These controls allowed us to use this antibiotic in 
subsequent experiments with no expected interference in the results. 
 
Nuclear to cytosolic translocation studies are a read out of NF-κB activity and have been 
examined in response to many types of stimuli (Bosisio et al. 2006; Bartfeld et al. 2010). We 
asked whether NF-κB activation due to S. Typhimurium infection could be similar to other 
conditions in which cells are exposed to molecules known to stimulate NF-κB activity, such as 
A GFP (p65)HOE (nuclei) B GFP (p65)
Figure'7.'Experimental'setting'with'MEF'isolated'from'GFP;p65'knock;in'mice'to'analyze'NF;κB!dynamics'by'
life'cell'imaging.!(A)!Nuclei!of!live!cells!were!stained!with!Hoechst!33342!derivative!and!images!taken!in!the!UV!
channel! allowed! nuclear! segmentation! (shown! in! dashed! yellow! lines).! Nuclei! area! segmentation! was!
transferred! to! the! images! acquired! in! the! GFP! channel.! Cytoplasmic! boundaries! are! shown! in! dashed! white!
lines.!Images!in!this!panel!have!been!segmented!manually!for!better!understanding!of!the!software!functioning.!
(B)!Real! image! in! the!GFP!channel!used! in! the!software!to!analyze!nuclear!and!cytosolic! fluorescent! intensity!
derived!from!GFPJp65.!White!crosses!indicate!cells!that!were!discarded!by!the!software!due!to!distinct!reasons!
(see!Materials! and!methods.! Cells! tracked!are! indicated!with!numbers.! The! inner! circles! surround!nuclei! and!
outer!squares!enclose!the!cytosolic!area!in!which!the!average!GFP!intensity!is!measured.'
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Figure'8.'Nuclear;to;cytosolic' intensity' (NCI)' ratio'values'obtained'over;time' in'p65;GFP'MEF'under'distinct'
experimental' conditions:' steady' state' and' activation.! A! diagram! on! the! top! of! each! panel! shows! the!
experimental!workflow.!Below,!the!plots!show!the!NCI!values!(YJaxis)!overJtime!(XJaxis).!Each! individual!cell!is!
represented!by!the!thin!green!lines!that!denote!NCI!fluctuations.!The!thick!black!line!is!the!NCI!average!value.!
(A)!Naive!MEF;! (B)!MEF! incubated! in! culture!medium! containing!25!µg/ml! gentamicin;! (C)!MEF! incubated! in!
culture! medium! with! 10! ng/ml! TNFJα;! (D)! MEF! incubated! with! S.#Typhimurium! for! 10! min! followed! by!
incubation!in!medium!with!25!µg/ml!gentamicin'




TNF-α. To test this, we compared NCI values in MEF cultures either treated with 10 ng/ml TNF-
α (Figure 8C) or infected with S. Typhimurium (Figure 8D). The extent of the response was 
similar in the two experimental conditions (S. Typhimurium and TNF-α) (Figure 8C-D), an 
observation that confirmed the reliability of the experimental setup. 
 
2.2. NF-κB dynamics in infected (ST+) and uninfected (ST-) cell populations obtained from 
p65-GFP MEF cultures exposed to S.  Typhimurium.  
 
Single cell analysis of NF-κB translocation dynamics has not been studied in infection 
models using S. Typhimurium. We generated a recombinant S. Typhimurium strain expressing 
constitutively the DsRed protein (MD1810) to follow in real-time the location of intracellular 
bacteria. The p65-GFP MEF were incubated for 10 min with DsRed-expressing S. Typhimurium 
(strain MD1810) grown overnight in LB. Confocal microscopy was set to monitor simultaneously 
three channels: UV channel to detect nuclei signal (Figure 9A, upper panel); GFP channel to 
determine the subcellular location of p65-GFP (Figure 9A, middle panel); and, the DsRed 
channel to track intracellular S. Typhimurium (Figure 9A, lower panel).  
 
The MEF culture incubated with Ds-Red-expressing S. Typhimurium showed a marked 
heterogeneity regarding NCI values (Figure 9D, left panel). After 10 min of incubation with 
S. Typhimurium, about 50% of the MEF had internalized bacteria, i.e., were infected. Based on 
this observation, we reasoned that the presence of two cell populations: infected (ST+, S. 
Typhimurium +) and uninfected (ST—, S. Typhimurium —) could contribute to the observed NCI  
Figure'9.'Live'cell'imaging'allows'monitoring'of'nuclear;to;cytosol'translocation'in'p65;GFP'MEF'infected'with'
S.' Typhimurium.' (A)! Snapshot! of! a! representative! frame! acquired! during! the! experiment.! Images! of! nuclei!
stained!with!Hoechst!33342!derivative!obtained!in!the!UV!channel!(upper!panel)!allow!definition!of!the!nuclear!
area,!shown!in!dashed!yellow!lines.!These!nuclei!areas!were!transferred!to!the!images!acquired!in!the!GFP!and!
dsRed! channels! (middle! and! lower! panels! respectively).! Boundaries! of! the! cell! cytosol! area! are! shown! with!





(NCI! on! the! YJaxis)! was! calculated! overJtime! (XJaxis).! Both! the! ST+! and! ST—! fibroblast! show! p65! nuclear!










































































































value heterogeneity. We then grouped the cell culture in ST+ and ST— cell populations to study 
their respective average NCI values. We calibrated an “automatic detection method” to 
distinguish between ST+ and ST— cells in our time-lapse experiment. For each fibroblast cell, we 
determined the number of pixels in the DsRed channel that were located in the cytoplasmic 
region. By fixing a threshold for the average value of pixels detected for each cell in a sliding 
window of one hour (necessary to rule out transient contacts with the bacteria), we discriminated 
between ST+ and ST— cells in subsequent experiments (Figure 9B, see also Materials and 
methods). This tool allowed us to determine NF-κB dynamics separately in the ST+ and ST— cells. 
Figure 9C shows NF-κB dynamics of two representative fibroblasts: one classified as ST+ (Figure 
9C, top left panel and red line in the bottom panel) and, the other, as ST— (Figure 9C, top right 
panel and blue line in the bottom panel). The two fibroblast populations, ST+ (Figure 9D, 
middle panel) and ST— (Figure 9D, right panel), show intra-population heterogeneity. Using this 
software, we were however able to differentiate in these two populations distinct behaviours 
regarding NF-κB nuclear translocation (see below).  
 
To evaluate putative side effects of the experimental system involving direct observation of 
the cells under the confocal microscope, we performed a series of control assays in which we 
determined proliferation rates of intracellular bacteria (IPRO values) in distinct culture 
conditions. The parameters examined included: i) the functionality of the p65-GFP fusion 
(compared to wild-type p65); ii) the expression of fluorescent DsRed protein by S. Typhimurium 












































Figure' 10.' Intracellular' proliferation' of' S.'
Typhimurium' in' fibroblasts' is' not' affected'
by'parameters'required'for'live'cell'imaging'
experiments.' The! intracellular! proliferation!
index! (IPRO)! was! calculated! as! as! ratio! of!
viable!intracellular!bacteria!measured!at!6!vs!
1! hpi! in! the! indicated! experimental!
conditions.! Incubation! with! S.!Typhimurium!
was! in! all! cases! of! 10! min,! followed! by!
incubation! in! fresh! medium! containing! 25!
µg/ml! gentamicin.! The! data! discarded! side!
effects! of! Hoechst! derivative! (HOE),! DsRed!
expresion,!GFP!fusion!to!p65,!GFP!and!DsRed!
fluorescence! and! incubation! in! the! CO2!
incubator! (black! bars)! vs! exposure! to! lasers!
used! to! excite! fluorochromes! (grey! bars).!
Presence/absence! of! these! factors! in! the!
experimental!setup!are!indicated!with!+!or!–!
symbols,! respectively.! These! data! are!
represented! as! average! values! and! SEM! of!
three!independent!experiments'
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label nuclei; and, iv) the exposure of the live cells to laser beams of different wavelength used to 
excite the varied fluorochromes. The putative effect of a continuous exposure to lasers was 
compared in cultures kept in 5% CO2 incubator (standard culture condition) versus cultures 
maintained in microscope thermostatic chambers (required for live-cell imaging). Overall, these 
control assays showed that none of these variables affect the behaviour of S. Typhimurium inside 
fibroblasts regarding number of viable bacteria obtained at distinct infection times (Figure 10). 
Thus, the IPRO values in the eight different conditions tested were comparable, having no 
statistically significant differences (Figure 10).  
 
We also wanted to differentiate that the NF-κB activation caused directly by live 
S. Typhimurium from that potentially derived of other bacterial products present in the tissue 
culture medium. To address this, we examined NF-κB activation in MEF incubated with heat-
killed S. Typhimurium and compared such activation to that of live bacteria (Figure 11B). Since 
an additional objective was to discard release of LPS or flagellin during the heating, 
S. Typhimurium culture was washed before or after the killing by heat (Figure 11B). These two 
control conditions (washing before or after heat-killing) were compared to the infection with live 
bacteria that, in turn, was differentiated in the ST+ and ST— fibroblasts populations (Figure 
11B). NF-κB activity in MEF treated with heat-killed S. Typhimurium showed a first period of 
intense nuclear translocation, which further returned to basal levels (Figure 11B).  On the 
contrary, MEF infected with “live” S. Typhimurium show a sustained activation, at a higher extent 
when compared to MEF incubated with heat-killed S. Typhimurium. These controls allowed us to 
confirm that MEF incubated with live S. Typhimurium perceive additional stimuli besides those 
of LPS or flagellin. Based on these observations, we considered our experimental set up suitable 
to characterize NF-κB dynamics in both ST+ and ST— cells and to assess the impact of external 
and internal (intracellular-derived) stimuli.  
 
2.3. Intracellular S.  Typhimurium promotes p65 nuclear translocation in infected (ST+) 
fibroblasts not exposed to extracellular signals.   
 
S. Typhimurium constantly release PAMPs like LPS and flagellin to the extracellular 
medium (Sierro et al. 2001; Bai et al. 2014). These molecules activate NF-κB from outside the 
eukaryotic cell following their binding to TLRs located in the plasma membrane (Wiedemann et 
al. 2014; Takeuchi & Akira 2010). NF-κB is also activated from the inside by intracellular bacteria 
that secrete effector proteins or release peptidoglycan (PG) fragments (Philpott et al. 2014; 
Marijke Keestra et al. 2011; Keestra et al. 2013). Some of these studies analyzed NF-κB 





stimulation based on average read-outs obtained from infected and bystander uninfected cells 
co-existing in the culture. Under these conditions, autocrine and paracrine signaling might 
probably occur, which may overlook these phenomena. Other studies were based in fixed cells 
(Bartfeld et al. 2009; Bartfeld et al. 2010; Dietrich et al. 2011), in which temporal analysis of 
NF-κB dynamics is not possible and the same cell cannot be followed over time.  
 
To examine NF-κB cytosol-nuclear translocation dynamics in S. Typhimurium-infected 
MEF, we analyzed the behavior of this regulatory factor in ST+ and bystander ST— fibroblast cells. 
The experimental setting, as mentioned, involved the use of p65-GFP MEF and DsRed-expressing 
S. Typhimurium. To minimize the effect of paracrine signaling, the infection was monitored 
under a microscope coupled to a microfluidics device (see Materials and methods). After 10 min 
of bacteria inoculation, MEF were subjected to continuous flow with fresh medium containing 
gentamicin (Figure 12A). This procedure ensured the washout of both non-internalized bacteria 

























Figure' 11.' Heat;killed' bacteria' do' not' stimulate' NF;κB' nuclear' translocation' after' the' wash' out' of' extracellular'
contents.'NCI!values!obtained!overJtime!after! the!wash!out!of! tissue!culture!medium!that! follows!the! incubation!of!
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 and cytokines released to the culture medium. The quantification software, adapted from the one 
described in (Zambrano et al. 2016), in order to discriminate ST+ from ST— cells, calculated 
NF-κB activation dynamics in ST+ and ST— fibroblasts. Mean NCI values revealed high 
translocation rate of p65 during the first hour of the experiment, in both ST+ and ST— fibroblasts 
(Figure 12A). However, this early wave of NF-κB activation was more pronounced in the ST+ 
population (Figure 12B). The NF-κB activation detected in the ST— fibroblast population was 
interpreted as a consequence of bacterial products such as LPS or flagellin that stimulate TLR 
during the 10 min of the fibroblast-bacteria co-incubation. The initial higher NF-κB activation 
rate found in ST+ cells could result from both, signaling due to intracellular S. Typhimurium, and 
the bacterial products present in the extracellular milieu. It has also been reported that some 
protein effectors translocated by the SPI1-T3SS can activate NF-κB (Keestra et al. 2011; Keestra et 
al. 2013). The contribution of extracellular stimuli to NF-κB signalling was confirmed by the 
lower relative levels of the inhibitor IκBα found in wild-type MEF but not in MYD88—/— MEF 
Figure'12.'NCI'values'obtained' in'a'culture'of'p65;GFP'MEF' infected'with'S.#Typhimurium'in'a'microfluidics'
device.' In! the! microfluidic! device,! NFJκB! stimulating! molecules! released! to! the! medium! are! continuously!
washed!away.!(A)!Experiment!workflow;!(B)!Average!NCI!values!obtained!in!ST+!(red!line)!and!ST—!(blue!line)!
fibroblasts!overtime.!Images!were!acquired!up!to!7!hpi.!From!0!to!5!hpi!p65JGFP!nuclear!intensity!is!significantly!
higher! in! the! ST+! fibroblast! population! (*,!P! <! 0.05).! (C)! Fraction!of! fibroblasts! reaching! a!defined!NCI! value!
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incubated with S. Typhimurium (Figure 13). MYD88 is an adaptor protein required for part of 
TLR signaling and, consequently, there is less NF-κB activation following binding of natural 




The analysis of the bacterial infection of MEF in the microfluidics device unveiled that the 
ST+ fibroblasts maintain higher mean NCI values than ST— cells following the initial wave of 
NF-κB activation (Figure 12B). Differences in the mean NCI values were statistically significant 
up to 5 hpi (P < 0.05, Kolmogorov-Smirnov (KS) test, Figure S1). Importantly, quantification of 
pixels in the DsRed channel (bacterial signal) in individual fibroblast cells along the experiment 
evidenced “uniformity” in both the ST+ and ST— populations regarding the way they were 
classified in the experiment (Figure S2). Thus, although at early infection times (1 hpi) almost 
50% cells of the ST+ population had less than the 7 red pixels established as threshold, >95-99% 
of the cells classified as ST+ cells showed a higher number of pixels, substantially above the 
threshold, at later infection times, 4-6 hpi (Figure S2).  
 
While figure 12B show mean NCI values calculated for the ST+ and ST— populations a 
distinct parameter, consisting in the fraction of cells reaching a defined NCI value along the 
experiment, further confirmed higher NCI values in the ST+ fibroblasts (Figure 12C). When 
measuring the percentage of ST+ and ST— fibroblasts reaching a defined NCI value at distinct 
post-infection times, it was also evident that ST+ fibroblasts displayed higher NF-κB activity 
(Figure S3).  
 
Taken together, the data obtained in the cytokine-free environment of the microfluidics 
chamber both at single-cell and population levels, indicated that intracellular S. Typhimurium 
activates NF-κB in fibroblasts independently of extracellular signaling. 
Figure'13.'IκBα 'protein'levels'in'
WT' and' MYD88(/(' knock;out'
MEF.! Western! blot! analysis!
showing! that! during! the! first!
stages! of! the! infection! (30! min!
hpi)!IκBα! levels!decrease!in!wild!
type! MEF! while! increase! in! the!
MYD88)/)!MEF.!The! IκBα:GAPDH!
ratio!in!naive!samples!was!taken!
as! reference! value! =! 1! for! each!
MEF! genotype.! Numbers!
indicate!these!relativized!levels.'
















2.4. Intracellular S.  Typhimurium attenuates p65 nuclear translocation in infected 
fibroblasts exposed to extracellular signals  
 
Cytokines and chemokines are immunomodulatory molecules secreted in response to 
infection and inflammation. Presence of these molecules in the tissue culture medium have 
paracrine and autocrine effects on cells, irrespective of whether the cells are infected or not. We 
sought to determine the extent of these effects in fibroblasts exposed to S. Typhimurium. Our in 
vitro infection system was used to analyze NF-κB activation in non-flow (static) infection 
conditions, in which autocrine and paracrine effect of secreted molecules is expected to occur. 
The experimental set-up consisted in a single replacement of the culture medium at 10 min post-
infection to eliminate non-internalized bacteria, which allows the accumulation of secreted 
molecules afterwards. Image acquisition was performed from 1 to 8 hpi (Figure 14A). In these 
conditions, NF-κB activation was higher in the ST+ fibroblasts at early times, from 1 to 3 hpi 
(Figure 14B, Figure S4). This was consistent to what we observed at early infection times in 
ñaslkdfjañlskjdfañlskjfalñksjdfañlksjdfñalksdjfalñskdjfañlskjdfañlskdjfñaslkdjfñaslkdjfñlk 
Figure'14.'NCI'values'obtained'in'a'culture'of'p65;GFP'MEF'infected'with'S.#Typhimurium'in'non;flow'static'
conditions.! This! culture! condition! allows! NFJκB! stimulation! by! paracrine/autocrine! effect.! (A)! Experiment!
workflow;!(B)!Average!NCI!values!determined!in!ST+!(red!line)!and!ST—!(blue!line)!fibroblasts!overtime.!Images!
were! acquired! up! to! 8! hpi.! From! 1! to! 3! hpi! GFPJp65! nuclear! intensity! is! significantly! higher! among! the! ST+!
fibroblast! population! (*,! P! <! 0.05).! After! 4! hpi,! p65JGFP! nuclear! intensity! is! higher! in! the! ST—! fibroblast!
population;! (C)!Fraction!of! cells! reaching! a!specific!NCI! value!was!calculated! in! the!whole! experiment! for! ST+!
(red! line)! and! ST—! (blue! line).! The! data! analyzed! by! twoJsided! KolmogorovJSmirnov! (KS)! test! shows! no!
statistical!significance!(P!=0.18).'
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fibroblasts maintained in the microfluidics chamber (Figure 12). However, this trend was not 
observed from 3 to 4 hpi, period at which the NCI average values did not statistically differ 
between the two populations (Figure 14B,  Figure S4). Surprisingly, when considering differences 
between ST+ and ST— fibroblasts in the 4-5 hpi window time, the ST— fibroblasts showed 
significantly more nuclear NF-κB (P < 0.05, KS test) than the ST+ population (Figure 14B, Figure 
S4). Single cells were analyzed to see the percentage of cells that reached specific NCI values 
during the experiment. These analyses showed that the proportion of ST+ and ST— fibroblasts 
that reach specific NCI values was not statistically significant (Figure 14C, P = 0.18). This could 
reflect two differentiated periods in the experiments: an initial phase where ST+ fibroblasts cells 
show more NF-κB nuclear intensity; and, a second phase where are the ST— fibroblasts those 
showing more nuclear NF-κB (Figure 14B). To study single cell parameters without using average 
values, the percentage of ST+ and ST— fibroblasts reaching certain NCI levels was calculated for 
discrete time points (Figure S5). These data confirmed that average values are truly representative 
and reflect the real distribution of the ST+ and ST— populations (Figure S5). The distribution of 
pixels in the DsRed channel at determined tme points was analyzed to confirm the correct 
separation of ST+ and ST— fibroblast populations (Figure S6).  
 
Altogether, these results indicated that extracellular signaling due to soluble molecules, 
which in the non-flow system are not washed away, might have a different effect over ST+ and 
ST— fibroblasts. These observations led us to hypothesize that intracellular S.  Typhimurium 
could interfere in NF-κB activation when the infected fibroblast is exposed to extracellular 
stimuli. 
To test this idea, we added TNF-α, a cytokine commonly used in p65 translocation assays, 
to a fibroblast culture previously infected with S. Typhimurium (Figure 15A). Following TNF-α 
challenge at 2 hpi, the NF-κB response in ST+ fibroblasts was significantly lower than that of ST—  
Figure' 15.' NCI' values' obtained' in' p65;GFP' MEF' cultures' infected' with' S.# Typhimurium' and' subsequently'
subjected' to' additional' extracellular' stimuli.! (A)! Experiment! workflow! showing! the! addition! of! TNFJα.! This!
experimental! design! involved! nonJflow! static! conditions! to! grow! the! p65JGFP! MEF.! (B)! Average! NCI! values!
obtained!in!ST+!(red!line)!and!ST—!(blue!line)!fibroblasts!overtime.!Images!were!acquired!from!0.5!to!3.5!hpi.!
After! TNFJα! addition! (2! hpi)! p65JGFP! nuclear! intensity! is! significantly! higher! among! the! uninfected! infected!
population! calculated! by! twoJsided! KolmogorovJSmirnov! (KS)! test! (*,!P! <! 0.05).! (C)! Fraction! of! cells! reaching!
defined!NCI!values!in!the!period!2.5J3!hpi!for!ST+!(red!line)!and!ST—!(blue!line).!The!data!analyzed!by!twoJsided!
KolmogorovJSmirnov! (KS)! test! show! statistical! significant! differences! (P! <! 0.001).! (D)! Experiment! workflow!
involving! a! second! S.! Typhimurium! infection.! Notice! that! this! experimental! design! was! set! in! microfluidics!
chambers! to! grow! the!p65JGFP!MEF.! (E)! Average!NCI! values! in! ST+! (red! line)! and! ST—! (blue! line)! fibroblasts!
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fibroblasts (Figure 15B, Figure S7A). The fractions of cells reaching a defined NCI value in the 2 
to 3.5 hpi time window showed differences between ST+ and ST— fibroblasts that were 
statistically significant (Figure 15C). In addition, the distribution of ST+ and ST— fibroblast 
populations regarding the NCI values reached over time also indicated that ST— fibroblasts 
reached higher NCI values at this time period (Figure S8A). The distribution of pixels associated 
to the intracellular S. Typhimurium was also determined at defined time points to ensure the 
correct discrimination of ST+ and ST— populations (Figure S9A). Globally, these data 
demonstrated that intracellular S. Typhimurium make the fibroblast refractory to the TNF-α 
treatment, probably as a result of active attenuation of the NF-κB response.  
 
Considering the inhibitory effect of infection upon TNF-α treatment, we next wanted to 
study if the infected fibroblast could react to other extracellular stimuli such as a second infection. 
To test this possibility, the fibroblast culture containing ST+ and ST— fibroblasts was challenged 
with DsRed-expressing S. Typhimurium (Figure 15D). In this particular case, we used the 
microfluidics setup to exclude the autocrine and paracrine effect and to evaluate mainly the 
response to the second pathogen infection. As noted before (Figure 12), the strong NF-κB 
activation wave following the first infection was higher in the ST+ fibroblasts (Figure 15E). 
Remarkably, the second bacterial infection induced a stronger NF-κB response in the ST— 
fibroblasts (Figure 15E), a difference that was statistically significant (Figure 15E and figure S7B). 
The time interval used to determine which fibroblasts were ST+ or ST— was restricted to the time 
before the second infection. The number of red pixels per cell was calculated at defined time 
points, confirming the correct discrimination of ST+ and ST— fibroblasts (Figure S9B). The 
proportion of cells reaching defined NCI values is higher in the ST— fibroblasts population when 
the snapshot taken at 4 hpi is analyzed (Figure S8B). These experiments, designed based in a 
second challenge with S. Typhimurium, confirmed that the refractory state of the infected 
fibroblast is also applicable to bacterial stimuli, which includes LPS and flagellin among others. 
 
These different experimental approaches confirmed an active contribution of intracellular 
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NF-κB regulates transcription of a selected group of genes. This regulation relies on different 
parameters such as the phosphorylation status of the NF-κB subunits, the subunits that compose 
the dimer, and/or co-factors to which NF-κB is bound (O’Dea & Hoffmann 2010). So far, our 
data support different nuclear translocation dynamics in infected (ST+) and uninfected (ST-) 
fibroblasts (see Figure 12, Figure 14). We reasoned that these two cell populations could, 
therefore, show different expression profiles of known NF-κB target genes. To test this, we 
analyzed expression of NF-κB target genes in sorted populations of ST+ and ST— fibroblasts.  
 
3.1. Gene expression profiling in sorted population of ST+ and ST— fibroblasts 
 
To analyze gene expression profiling in sorted population of ST+ and ST− fibroblasts, 
human BJ-5ta fibroblasts were infected with a S. Typhimurium strain harboring a plasmid that 
expresses the fluorescent protein GFP constitutively. At defined post infection times, cells 
obtained from the fibroblasts culture were separated by fluorescent activated cell sorting (FACS) 
in ST+ and ST− populations according to the GFP signal. These two cell populations were lysed 
to extract RNA and protein. cDNA synthesized from RNA obtained in ST+ and ST− fibroblasts 
was labeled with Cy3 and Cy5 fluorochromes, respectively, and hybridized in a dual color DNA 
microarray. Gene expression profiling was registered for a total of 35,377 human genes 
represented in the microarray (see Materials and methods). The ratio between Cy3 and Cy5 
fluorescent dyes for a particular gene was a direct indication of induction, repression or no 
alteration of its relative expression levels in the ST+ and ST— fibroblast populations. Fold change 
values above +1 indicated increased expression in Cy3-labeled sample. Conversely, fold change 
values below -1 identified genes with increased expression in the Cy5-labeled sample (Figure 
16A). This experimental design requires of an internal reference to establish relative fold-changes 
between the two samples (ST+, ST—). For this reason, we included in further experiments a 
sample obtained from naive fibroblasts (not exposed to the bacteria) that was used to relativize 
expression levels in both, the ST+ and ST− cell populations. This reference value was also of value 
to identify genes that could be up- or down-regulated in both the ST+ and ST— populations 
respect to naive fibroblasts.  
 
The comparison of gene profiling in the ST+ and ST− populations revealed a total of 1,644 
differentially expressed genes with fold changes >1.5 or <-1.5: 1,127 genes showed higher 
expression in the ST+ fibroblasts and 517 in the ST— cell population. When the significance 
change threshold was established to higher values (>1.9 or <-1.9 fold change), a total of 29 and 16 
genes displayed increased expression in the ST+ and ST− fibroblasts, respectively (Figure 16B). 
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Only seven out of the 29 (24.1%) genes induced in ST+ fibroblasts are known NF-κB targets 
whereas 10 out of 16 (62.5%) genes overexpressed in ST− cells are NF-κB targets (Figure 16B) 
(Gilmore 2006; Li et al. 2014). Such lower frequency of NF-κB-regulated genes with altered 
expression in the ST+ cells was consistent with the idea of intracellular S. Typhimurium actively 
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induced& in& the& ST—& fibroblasts& appear& below& the& ‘0’& threshold& (spotted& line),& and& those& induced& in& the& ST+,&
above&that&‘0’&value;&(B)&Genes& in&the&upper&panel&(red)&have&a&fold&change&>&1.9,&therefore&over)expressed&in&
the& ST+& population.& Genes& in& the& lower& panel& (green)& showed& a& fold& change& ratio& <& )1.9,& therefore& over)
expressed& in& the&ST—&population.&The&data&show&higher&proportion&of&NF)κB& targets& (indicated&with& asterisk)&
within&the&genes&up)regulated&in&ST—&fibroblasts.&Numbers&1,&2&and&3&indicate&biological&replicates.&(C)&Gene&Set&
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We next studied the distribution of NF-κB-target genes according to their expression levels 
without establishing any significance threshold. To this aim, we used the Gene Set Enrichment 
Analysis (GSEA) software (Mootha et al. 2003; Subramanian et al. 2005). GSEA allows the 
analysis of genome-wide expression data considering the expression levels of all the genes in the 
array, from the maximum to the minimum including the ones with similar expression levels in 
both, ST+ and ST— fibroblast populations. GSEA compared as input files a list of known NF-κB 
target genes (Gosselin and Touzet 2004) and our transcriptomic data. GSEA showed enrichment 
of NF-κB target genes among the genes with increased expression in ST− fibroblasts (Figure 16C), 
which was statistically significant (P < 0.001, FDR < 0.05). In this manner, GSEA corroborated 
the data obtained from the analysis of the array (Figure 16B) where we identified NF-κB targets as 
expressed differentially between ST+ and ST— fibroblasts. 
 
 To dissect other gene groups besides NF-κB targets that could be enriched in each of the 
fibroblast populations (ST+ and ST−) we used GeneCodis. (Carmona-Saez et al. 2007; Nogales-
Cadenas et al. 2009; Tabas-Madrid et al. 2012). As input, we introduced genes with fold change 
values >1.5 (increased expression in ST+ fibroblasts) and <−1.5 (increased expression in ST− 
fibroblasts) and compared them to the GeneOntology database (GO), specifically with the 
subgroup “Biological Processes” (BP). This software revealed possible biological processes that 
could be favored in the ST+ and ST− fibroblast populations (Figure 17). Thus, immune response-
related genes such as IL1B, NFKB1… and genes associated to response to cytokines, as TRAF1, 
ICAM1… were enriched in the gene expression profile of ST− fibroblasts. This expression pattern 
is in line to what we observed so far regarding the “refractory state” of the ST+ fibroblasts to 
extracellular signals and immunity pathways activation (see Figure 15).  
 
To analyze in depth the global response in both ST+ and ST— populations, we used GSEA 
but comparing our transcriptomic data with all the functional groups annotated in the GO (BP) 
database. Several gene groups were enriched with high statistical significance (P<0.001 and 
FDR<0.05) in each of the two cell populations (Table S3, Table S4). Of interest, ST+ fibroblasts 
showed increased expression of genes belonging to “cell cycle arrest” GO groups, including: 
CCNB1, encoding CyclinB1; MYC, encoding the MYC proto-oncogene protein; or, DUSP1, 
encoding the dual specificity phosphatase 1, DUSP-1, also known as MAPK phosphatase-1, MPK-
1. Conversely, many genes with enhanced expression in the ST− fibroblast population belong to 
GO groups related to pro-inflammatory response and immune defenses. Some examples include: 
TNFA, encoding TNF-α; IL1B, encoding IL-1β; ICAM1, encoding intracellular adhesion 
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molecule-1, ICAM-1; SOD2, encoding superoxide dismutase-2, SOD-2; and, TNFAIP3, encoding 
TNF-induced protein-3, also named A20.  
 
A
Number of genes GO groups enriched 
Infected (ST+) cells 
B
Number of genes GO groups enriched 
Uninfected (ST-) cells 
Figure'17.&GeneCodis'analysis'of'genes'induced'in'infected'(ST+)'and'uninfected'(ST=)'human'fibroblasts'Bj=5ta'
obtained' from' S.' Typhimurium=infected' cultures.& GeneCodis& was& used& to& determine& the& GeneOntology&
(Biological& Processes)& groups& enriched& in& ST+& and& ST—&human&fibroblasts.& Fold& changes&of& 1.5& and&)1.5&were&
established&as&thresholds&for&genes& induced& in& the&ST+&and&ST—&cells,&respectively.&(A)&GO&groups&enriched& in&
the&ST+&fibroblast&population;&(B)&GO&groups&enriched&in&the&ST—&fibroblast&population.&Shown&are&GO&groups&
with& higher& statistical& significance& for& each& cell& population.& Length& of& the& blue& bars& indicates& the& number& of&
genes&induced&>&1.5&or&<&)1.5&fold&change&in&the&ST+&and&ST—&fibroblasts,&respectively,&present&in&each&of&the&GO&
groups.'
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Figure' 18.&Microarray' data' validation' in'
infected' (ST+)' and' uninfected' (ST=)'
populations' of' human' and' mouse'
fibroblasts'infected'with'S.'Typhimurium.&
Differentially&expressed&genes&identified&in&
the& microarray& experiment& after&
comparing& ST+& and& ST—& fibroblast&
populations&were&confirmed&by&RT)qPCR&in&
human& BJ5)ta& fibroblasts& and& MEF.& Fold)
induction& values& are& relativized& to& naive&
cells,& which& were& processed& as& ST+& and&
ST—&populations.&(A)&Genes&shown&by&the&
microarray& as& up)regulated& in& ST—&
cultures.&The& trend& is&equivalent& in&BJ)5ta&
human& fibroblasts& and&MEF.&NF)κB& target&
genes& are& indicated& in& frames.& (B)& Genes&
shown& in& the& microarray& as& up)regulated&
in& ST+& cells.& This& positive& regulation& has&
the& similar& trend& in& BJ)5ta& human&
fibroblasts& and& MEF.& The& NF)κB& target&
gene& BCL3& is& indicated& in& a& frame.& Data&
correspond& to& average& values& and&
standard& error& of& the& mean& (SEM)& of& a&
total& of& three& independent& experiments.&
The& data& were& analyzed& by& one)way&
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We next aimed to validate the microarray transcriptomic data by RT-qPCR. As 
abovementioned, the expression ratio between ST+ and ST− fibroblasts populations in the 
microarray data required comparison to a sample obtained from naive fibroblasts. Thus, the RT-
qPCR analyses also included a mock (“naive”) sample obtained from cells that were not in contact 
with S. Typhimurium. These naive fibroblasts were subjected to the same FACS protocol to 
discard any probable artifact linked to the stress imposed to the cells in the manipulation during 
sorting. Additionally, these RT-qPCR assays were completed with samples from fibroblasts from 
other sources, including human (BJ-5ta cell line) and mouse (MEF), in which we also added their 
respective samples from naive cells.  
 
The expression of genes positively regulated in the ST— fibroblast population was analyzed 
in RNA obtained from naive, ST+ and ST− populations of BJ-5ta human fibroblasts (Figure 
18A). We selected TNFAIP3, which encodes the A20 inhibitor, IL1B, encoding IL-1β, TRAF1, 
encoding an adaptor protein of the TNF receptor; and, NFKBIA, which encodes the IκBα 
inhibitor. Some genes with enhanced expression in the ST− fibroblasts, as indicated by the 
microarray data, but not previously reported to NF-κB targets, were also included (Figure 18A). 
These genes were BIRC3, encoding for baculoviral IAP repeat containing 3, BIRC-3; and, 
NFKBIB, encoding for an IκBβ inhibitor. We also selected a few genes displaying enhanced 
expression in the ST+ fibroblasts, as indicated the microarray analysis (see Figure 16B). These 
genes include SOCS1 and SOCS3, encoding for suppressor of cytokine signaling 1 and 3, SOCS-1 
and SOCS-3, respectively; and, BCL3, encoding for B-cell lymphoma-3, BCL-3. BCL-3 is an NF-
κB target that functions in certain conditions as NF-κB inhibitor (Wessells et al. 2004). These RT-
qPCR assays showed consistency with the microarray experiments, giving extra information when 
comparing to the naive sample. As an example, we detected increased IL1B expression compared 
to the naive MEF, about 150-400 folds, in uninfected ST− fibroblasts exposed to bacteria (Figure 
18A). ST− fibroblasts also exhibited themselves 3-10 higher IL1B expression compared to ST+ 
cells (Figure 18A). These differences in gene expression between ST+, ST− and the naive cell 
populations were also reproducible in human (BJ-5ta) and mouse (MEF) fibroblasts (Figure 18).  
 
3.2. Protein expression levels in ST+ and ST— sorted fibroblast populations 
 
We next sought to get evidence at the protein level of the different NF-κB activity proposed 
to exist between ST+ and ST− fibroblast populations. We selected representative targets for which 
available commercial antibodies have been widely used, including IκBα, IκBβ, SOCS-3 and 
asdfasdf T 
























































Figure' 19.' Protein' expression' in' the' ST+' and' ST—' fibroblast' populations.& (A)& Relative& levels& of& the& NF)κB&
inhibitors& IκBα& and& IκBβ&were&analysed&by&western&blot& in& infected& sorted&MEF&and&compared&to&naive& cells.&
Higher&amounts&of&both& inhibitors&are&detected&in& the&ST+&MEF&population.&Tubulin&or&unspecific&bands& in&the&
western& blot&were&used&as& loading& controls.& (B)& Relative& levels& of& SOCS)3& and& TRAF6& in& ST+& and& ST—&sorted&
fibroblast& populations& and& compared& to& naive& cells.& Both& proteins& display& higher& expression& in& the& ST+&
population.&A&prominent&band&in&the&ST+& fibroblasts&is&observed&at&19&KDa&when&the&antibody&anti)TRAF6&was&
used.&(C)&Percentage&of&DsRed&S.$Typhimurium)infected&cells&that&expressed&ICAM)1&on&their&surface&(black&bar)&
were& analysed&by& flow& cytometry& and& compared& to& those&not& expressing& surface& ICAM)1& (grey&bar).&The&plot&
shows&average&and&SEM&values&from&five&independent&experiments.&Data&were&analysed&with&t)test&(*;&P<0.05).&
(D)& ICAM)1& detected& by& immunofluorescence& from&DsRed&S.& Typhimurium)infected& Bj)5ta& human& fibroblasts.&
Channels&are&shown&separately&(upper&panels).&Merged&fluorescence&signal&and&phase&channel&are&shown&in&the&
lower&panels.&Scale&bar&=&10µM.'
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TRAF6. In the case of the inhibitors IκBα and IκBβ, their relative levels were lower in ST+ than 
in ST- fibroblasts (Figure 19A). These western data agreed with the gene expression profile of 
NFKBIA and NFKBIB inferred in the microarray and RT-qPCR assays (see Figure 16B, Figure 
18A). In naive fibroblasts, relative levels of IκBα and IκBβ did not parallel with those of their 
transcript levels. We explain this result due to the lack of stimulus acting in these fibroblasts, a 
situation that does not induce neither IκBα/IκBβ protein degradation nor induction of their 
respective gene transcription. Under this condition, their protein levels might remain high while 
those of their transcript level are low.  
 
The striking low relative levels detected of IκBα and IκBβ in ST+ fibroblasts is reminiscent 
of the active degradation that follows the first wave of NF-κB activation taking place at the 
begging of the infection process (see Figure 13, Figure 23). This phenomenon, however, contrasts 
with the low expression levels of genes positively regulated by NF-κB in ST+ fibroblasts compared 
to the ST— fibroblast population (see Figure 16, Figure 18A). We cannot exclude that a yet 
unknown post-transcriptional and/or post-translational regulatory mechanism occurring in ST+ 
fibroblast might be responsible for both, the low protein content of the IκBα inhibitor and its 
deregulated transcription profile. This contrasting phenomenon could also be explained by the 
reduced amount of p65 detected in the ST+ fibroblasts (Figure 20). Since the stability of IκBα 
depends on the presence of p65 (O’Dea et al. 2007), the amount of IκBα (Figure 19) could be 
compromised due to relative low levels of p65 present in ST+ fibroblasts (Figure 20). It is also 
possible that the same event is happening for IκBβ. However, to our knowledge, there is no 
report studying IκBβ stability in the presence/absence of p65. In contrast to IκBα and IκBβ, our 
western assays showed other proteins expressed at higher levels by ST+ fibroblasts such as SOCS-3 
and TRAF6 (Figure 19B). These two proteins display increased relative levels in ST+ fibroblasts 
compared to levels in the naive and the ST— populations. A prominent 19-KDa band is detected 
in the ST+ MEF sample with the anti-TRAF6 antibody. SOCS-3 relative levels are in agreement 
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We also determined by flow cytometry the protein levels of the intracellular adhesion 
molecule-1 (ICAM-1) on the surface of ST+ and ST— MEF populations (Figure 19C). ICAM-1 is a 
well-known NF-κB target, important for cell-to-cell communication (Gilmore 2006). ICAM-1 has 
been reported to be induced by either living or heat-inactivated S. Typhimurium in macrophages 
(Svensson et al. 2001). Flow cytometry enabled us to differentiate at single-cell level 
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the expression of ICAM-1, and at the same time, to easily distinguish between ST+ and ST— 
fibroblasts. Figure 19C shows that most of the ST+ fibroblasts did not display ICAM-1 on their 
surface. This was additional evidence supporting a lower NF-κB activity in the ST+ fibroblast 
population. These results were confirmed by immunodetection of ICAM-1 in non-permeabilized 
human BJ-5ta fibroblasts infected with DsRed-expressing S. Typhimurium (Figure 19D). By flow 











































Figure' 21.& Effect' of' an' external' stimulus' (IL=1β)' on' the' surface' expression' of' ICAM=1' in' ST+' and' ST—'
fibroblasts.& (A)& Dot& plots& showing& surface& ICAM)1& expression& (X)axis)& in& Bj)5ta& fibroblasts& treated&with& IL)1β&




IL)1β& during& (red&bars)& or&prior& (green&bars)& to&bacterial& infection,& are& shown.&All&experiments& included&naive&
cells& subjected& to& the& same& procedure.& Data& correspond& to& average& values& and& SEM& of& a& total& of& three&
independent&experiments&analyzed&with&one)way&ANOVA&with&Bonferroni&post)test&(*,&P<0.05;&**,&P<0.01).'
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previously incubated with S. Typhimurium (Figure 21). The ST+ fibroblasts express the same 
amount of ICAM-1 before and after the IL-1β treatment, whereas the ST− fibroblasts respond to 
the IL-1β treatment and increase surface expression of ICAM-1 (Figure 21B). We next sought to 
determine wheter intracellular S. Typhimurium could reverse the effect on ICAM-1 surface 
expression in fibroblasts pre-treated with IL-1β. Thus, when fibroblasts were infected after IL-1β 
treatment the ICAM-1 levels do not diminish in the ST+ cell population (Figure 21B) suggesting 
that intracellular S. Typhimurium is not able to internalize ICAM-1 when this is already exposed 
on the cell surface. Additionally we proved that the ST+ fibroblasts were not refractory to other 
stimuli. For example we treated infected MEF culture with sorbitol to induce apoptosis. Sorbitol 
induced apoptosis at the same extent in ST+ and ST— fibroblasts (Figure 22) providing evidence 
that the refractory state of the ST+ fibroblasts was not generalized, but specific for certain 
pathways such as NF-κB activation by extracellular stimuli. 
 
 
Overall, our results suggest that intracellular S. Typhimurium hampers NF-κB-regulated 
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Several S. Typhimurium effector proteins translocated to the host cells by specialized type-III 
secretion systems (T3SS) are known to inhibit NF-κB (Haraga et al. 2008). Most of their functions 
have been characterized in epithelial cells or macrophages (Ramos-Morales 2012). Given that our 
data in fibroblasts pointed to alterations in NF-κB activity linked to S. Typhimurium, we aimed to 
analyze the putative contribution of effector proteins that are substrates of these T3SS.  
 
4.1. Kinetic analysis of NF-κB transcriptional activity in infected fibroblasts 
 
Before assessing the putative role of T3SS effector proteins in alteration of the NF-κB response 
in fibroblasts, we examined NF-κB activity in a temporal basis (Figure 23). To achieve this, MEF 
were infected for 1, 3 or 6 h, and the ST+ and ST− fibroblast populations subsequently separated 
by FACS. Naive fibroblasts not exposed to the pathogen were also processed in the FACS 
equipment for comparison. Total RNA and proteins were extracted from the three cell 
populations (naive, ST+ and ST—) at each post infection time.  
 
We then focused in the analysis of certain NF-κB targets such as NFKBIA, TRAF1, and IL1B. 
At early post-infection times (1 hpi), RT-qPCR assays showed increased expression levels of 
NFKBIA in ST+ and ST— populations (Figure 23A). This could be explained by the first wave of 
NF-κB activation that takes place during the incubation of fibroblasts with bacteria (Figure 12, 
Figure 13). At later post-infection times, 3-6 hpi, NFKBIA expression showed increased 
expression in ST− fibroblasts. TRAF1 showed altered expression only at 6 hpi, with a slight 
increase in the ST− fibroblast population (Figure 23A). Interestingly, IL1B showed differential 
expression when comparing ST+ and ST− populations as early as 1 hpi; however, the more 
noticeable differences appear at 3 and 6 hpi (Figure 23A). We also included in this analysis 
SOCS3, a non-NF-κB target gene induced in the ST+ population. RT-qPCR assays showed that 
SOCS3 expression is up-regulated (25-fold) at 6 hpi  (Figure 23A). These data indicate that the 
difference in gene expression in the ST+ and ST— populations is more prominent at 6 hpi. 
 
Some studies have described the S. Typhimurium SPI1-T3SS effector AvrA as a protein that 
compromises IκBα stability (Collier-Hyams et al. 2002; Ye et al. 2007). For this reason, we sought 
to determine whether the relative levels of this NF-κB inhibitor were modulated along the 
infection process. At early infection times (1 hpi), NFKBIA expression diminished at the same 
extent in ST+ and ST− cells relative to naive cells (Figure 23B). This result agreed with the early 
wave of NF-κB activation, which occurs at a similar extent in ST+ and ST— fibroblast populations 
(Figure 12, Figure 13). At later infection times, 3-6 hpi, NFKBIA expression levels were higher in  




ST− than in ST+ fibroblasts (Figure 23B). Contrary to the role assigned to AvrA in epithelial 
cells, deubiquitination of IκBα, which prevents its degradation; this effector does not seem to 
exert a similar function in fibroblasts. Thus, western assays demonstrated that the amount of 
IκBα is higher in the ST— fibroblasts at 3-6 hpi (Figure 23B). As aforementioned, we interpret 
this variation as a consequence of the positive feedback on NFKBIA expression that follows NF-
κB activation. A recent publication has shown proteolysis of nuclear p65 in epithelial cells linked 
to the activity of three T3SS effectors: GtgA, GogA and PipA (Sun et al. 2016). Based on this 




the! inhibitor! IκBα,! showed! up1regulation! in! ST+! and! ST—! fibroblasts! compared! to! naive! cells! from! 1! hpi!
whereas! the! rest! of! genes! are! expressed! at! higher! levels! at! late! infection! times! (3,! 6! hpi).! Note! also! the!
differences!in!expression!of!NFKBIA,*IL1B,*TRAF1*and!SOCS3*between!ST+!and!ST—!fibroblasts!at!late!infection!
times!(3,!6!hpi).*Data!correspond!to!average!values!and!standard!error!of!the!mean!(SEM)!of!two!independent!
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publication, we studied the relative levels of p65 protein along the infection. At 1 hpi, the total 
amount of p65 was equivalent in ST+ and ST− populations and similar to those of the naive cells 
(Figure 23C). However, at 3-6 hpi, the ST− cells showed higher levels of p65 expression than the 
ST+ cell population. We tentatively assigned the drop in p65 relative levels to these T3SS 
effectors that proteolyze p65 in the infected fibroblast that would take place at 3-6 hpi. 
 
4.2. SPI1-T3SS and SPI2-T3SS protein effectors inhibit the NF-κB response in 
fibroblasts 
 
Based on the expression kinetics shown by representative NF-κB targets (Figure 23A), we 
used 6 hpi as an appropriate time to investigate the strategy used by intracellular S. Typhimurium 
to subvert the NF-κB response. NF-κB target gene expression was measured in fibroblasts infected 
with isogenic S. Typhimurium mutants with no functional T3SS encoded by the pathogenicity 
islands SPI1 and SPI2. MEF were infected with SPI1-T3SS and SPI2-T3SS defective mutants 
(ΔSPI1 and ΔssaV, respectively) and the ST+ and ST− populations of the respective infected 
cultures were separated by FACS. ΔSPI1- and ΔssaV-infected MEF were compared to those 
fibroblasts exposed to wild type bacteria. In addition, naive fibroblasts not incubated with bacteria 
were also included and subjected to the FACS protocol as the infected cultures. The different 
NF-κB target genes selected for the analysis showed different expression patterns among these 
fibroblast populations (Figure 24). Thus, NFKBIA and TRAF1 displayed a 5-fold increase in the 
ST+ population of ΔSPI1- and ΔssaV-infected MEF when compared to the ST+ population of 
MEF infected with wild type bacteria (Figure 24). These data provided the first indication 
supporting an active role of effectors secreted by the SPI1-T3SS and the SPI2-T3SS. A distinct 
scenario was observed regarding the IL1B gene. In the ΔssaV ST+ population, as the wild type 
ST+ population, IL1B expression was damped compared to ST— fibroblasts (Figure 24). However, 
IL1B expression was high in ΔSPI1 ST+ fibroblast population (Figure 24), which indicated that 
intracellular bacteria was in this case unable to attenuate IL1B expression and a direct proof for 
an involvement of SPI1-T3SS in modulating IL1B expression. Regarding SOCS3, its expression is 
also clearly regulated by SPI1-T3SS since this gene shows no induced expression in ΔSPI1 ST+ 
cells. 
 
SPI1-T3SS and the SPI2-T3SS are proposed to be expressed and exert their function at 
different time periods of the infection process (Laughlin et al. 2014). Other authors have 
provided evidence of partial temporal overlap between these two T3SS (Hautefort et al. 2008). 
We sought to determine the activity of both T3SS at defined post infection times in the fibroblast  




infection model. To address this, we infected MEF with an engineered S. Typhimurium strain 
expressing a tagged version of SopB, a SPI1-T3SS effector. As a representative SPI2-T3SS-related 
protein, we detected the translocon protein SseB with specific antibodies. Intracellular bacteria 
expressed SopB in the first period of the infection, up to 3 hpi, whereas SseB was produced from 
Infection with WT strain Infection with ¨SPI-1 or ¨ssaV strain

















































































































































Figure'24.!S.' Typhimurium'uses' the' SPI1HT3SS'and'SPI2HT3SS' to' alter' fibroblast' gene'expression.'MEF!were!
infected!with!GFP1expressing!S.! Typhimurium!wild! type! (WT),!ΔSPI11,! or!ΔssaV* isogenic! strains.!At! 6!hpi,! the!
infected!cultures!were!sorted!in!ST+!and!ST—!cell!populations.!Naive!cells!were!used!as!control!and!subjected!to!
the!same!sorting!protocol.!Expression!levels!of!NFKBIA,!IL1B,!TRAF1*and!SOCS3*were!monitored!and!relativized!
to! the! values!detected! in!naive! cells.!Gene!expression!observed! in! fibroblasts! infected!with!WT!strain!differs!
from! those!of! fibroblasts! infected!with! the!ΔSPI11!or!ΔssaV*mutants.!Data!correspond! to! average! values!and!
SEM!of!a!total!of!three!independent!experiments!analyzed!with!one1way!ANOVA!and!Tuckey’s!post1test!(*,!P!<!
0.05;!**,!P!<!0.01;!***!P!<!0.001).'
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3 hpi and still expressed at 6 hpi (Figure 25). These results confirmed the simultaneous activity of 
SPI1-T3SS and SPI2-T3SS in intracellular S. Typhimurium located within fibroblasts, a 
phenomenon previously reported in macrophages and epithelial cells (Drecktrah et al. 2005; 
Knodler et al. 2005). Our findings therefore reinforce the idea of SPI1-T3SS effectors performing 
activities not only during bacterial entry into the host cell but also at later times, during 
adaptation to the intracellular lifestyle.  
 
We next determined whether T3SS protein effectors known to interfere the NF-κB 
response (Ramos-Morales 2012) could play a similar role in fibroblasts. To address this, we 
analyzed by flow cytometry levels of surface ICAM-1 in fibroblasts infected with isogenic mutants 
lacking distinct effector proteins since this assay proved to be a robust readout of NF-κB activity 
(see Figure 20, Figure 21). These cytometry analyses allowed us to easily differentiate between the 
ST+ and ST— fibroblasts by infecting MEF with a DsRed-expressing S. Typhimurium or, 
alternatively, by detecting S. Typhimurium LPS with specific antibodies. We included in these 
experiments isogenic mutants lacking T3SS effectors reported to inhibit the NF-κB pathway: 
AvrA, GogA, GogB, GtgA, PipA, SptP and SseL (Ye et al. 2007; Haraga & Miller 2003; Haraga & 
Miller 2006; Sun et al. 2016; Le Negrate et al. 2008; Ramos-Morales 2012; Pilar et al. 2012). Of 
these, AvrA and SptP are known SPI1-T3SS effectors whereas GtgA, GogB and SseL were shown 
to be substrates of SPI2-T3SS (Ramos-Morales 2012). Surprinsingly, we could not find 
information about the T3SS of these two systems that recognizes GogA and PipA as substrates.   
 
The cytometry assays confirmed that S. Typhimurium uses the SPI1-T3SS to dampen 
ICAM-1 surface expression (Figure 26A-B). This effect however was not observed in fibroblasts 
infected with mutants lacking any of the individual SPI1-T3SS effectors tested: AvrA and SptP 





hpi Figure' 25.! Kinetics' of' the' synthesis' of' the'
effector' SopB' (SPI1HT3SS)' and' the'
translocon' component' SseB' (SPI2HT3SS)' by'
intracellular' S.' Typhimurium' along' the'
fibroblast' infection.!Shown!are!western!blot!
data! obtained! from! total! extracts! MEF!
prepared! at! the! indicated! post1infection!
times.! Fibroblasts! were! infected! with! a!
sopB::3xFLAG! tagged! strain! and! detected!
with! anti1FLAG! antibody.! In! the! same!
samples! SseB! was! detected! with! specific!
antibodies.! The! bacterial! protein! IgaA! was!
used!as!a!loading!control!MEF!were!infected!
with! S.!Typhimurium! for! 10! min,! time! at!
which! fresh! medium! containing! 25! µg/ml!
gentamicin!was!added.'







lacking! T3SS! apparatus! or! single! effectors.! Total! cell! population! was! analyzed! by! flow! cytometry.! Double!
positive!cells! 1infected!cells!expressing! ICAM11! in! the!membrane1!were!quantified!and!relativized!to!the!total!
amount!of! infected!cells.!(A)!MEF!were!infected!with!S.!Typhimurium!mutants!lacking!the!SPI11T3SS!secretion!
apparatus! (ΔSPI1),!distinct!SPI1!effectors!(ΔavrA,!ΔsptP),!SPI21T3SS!secretion!apparatus! (ΔssaV)!or!varied!SPI2!
effectors! (ΔgogB,! ΔsseL,! ΔsptP).! MEF! were! stained! for! ICAM11! and! subsequently! fixed,! permeabilized! and!
stained!for!LPS!to!discriminate!between!ST+!and!ST—!cells.!Data!correspond!to!average!values!and!SEM!of!at!
least! five! independent! experiments.! (B)!MEF!were! infected!with!DsRed1expressing!wild! type!S.*Typhimurium!
and!isogenic!mutants!ΔgtgA,!ΔgogA!and!ΔpipA.!Double!positive!cells!for!ICAM11!and!LPS!were!quantified.!Data!
correspond!to!average!values!and!SEM!of!two!independents;!(C)!Dot!plots!showing!the!distribution!of!events!in!
experiments! involving! MEF! infected! with! wild! type! strain! or! ΔSPI1! mutant.! Note! the! higher! proportion! of!
ICAM11positive! cells! in!ΔSPI11infected!MEF! [12.15!%! versus! (12.15!+! 8.18!%)]! respect! those!detected! in!WT1
infected! MEF! [15.39! %! versus! (15.39! +! 39.08! %)];! (D)! MEF! were! infected! with! DsRed1expressing! wild! type!
S.*Typhimurium,!the!double!mutant!!ΔavrAΔsptP!(that!lacks!two!SPI11T3SS!effectors!described!to!inhibit!NF1κB)!
and! the! triple! mutnat!ΔgtgAΔgogAΔpipA! (effectors! described! to! be! redundant! in! inhibiting! NF1κB).! Double!
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T3SS effectors analyzed: GogA, GogB, GtgA, PipA, or SseL; had no consequences for the 
ICAM-1 protein levels detected on the cell surface (Figure 26A). We also generated 
S. Typhimurium ΔavrAΔsptP or ΔgogAΔgtgAΔpipA multiple mutants. This last triple mutant was 
constructed due to the redundant function claimed by Sun et al. for these particular three T3SS 
effectors (Sun et al. 2016). The cytometry analysis revealed that the simultaneous absence of these 
T3SS effectors did not alter the capacity of intracellular S. Typhimurium to diminish the 
expression of surface ICAM-1 (Figure 26C). Altogether, these assays, and specifically the 
phenotype shown by the ΔssaV mutant, revealed that dampening of ICAM-1 expression on the 
cell surface depends on a effector(s) translocated through SPI1-T3SS. The expression of ICAM-1 
seems, therefore, to be subjected to a similar regulatory networks as IL1B, both subverted by a 
effector(s) translocated by SPI1-T3SS. 
 
The recent publication claiming a role of GogA, GtgA and PipA in p65 proteolysis (Sun et 
al. 2016) led us to examine in detail, using alternative experimental readouts, the role of these 
effectors in fibroblasts. Preliminary results supported a reduced amount of p65 in the ST+ 
fibroblasts (see Figure 20), which suggested that the attenuation in the NF-κB response seen in 
our infection model could be also due to the action of these effectors. With this rationale, we 
infected MEF with a mutant lacking these three T3SS effectors and separated the ST+ and the 
ST— populations by FACS. Naive cells were also subjected to the same FACS protocol to avoid 
artifacts of the method. The analysis of NF-κB target gene expression revealed that transcription 
of NFKBIA and TRAF1 are negatively regulated by GogA, GtgA and/or PipA (Figure 27A). 
Interestingly, IL1B expression remained attenuated in the absence of these three effectors in the 
ST+ fibroblast population (Figure 27A). This situation is similar to that in which MEF are 
infected with wild type S. Typhimurium (see Figure 18). Expression of SOCS3 showed no changes 
when compared to wild type infected MEF indicating that none of the three effectors tested, 
GogA, GtgA and PipA, control SOCS3 induction in the ST+ cells (Figure 27A). Sun et al. also 
claimed that p65 proteolysis following S. Typhimurim infection of epithelial cells was taking place 
in the nuclei of infected cells (Sun et al. 2016). For this reason, we infected MEF cultures with 
wild type and ΔgogAΔgtgAΔpipA strains and separated by FACS ST+ and ST— populations at 6 
hpi. After fractionation of cells in nuclei and cytosol in each of the ST+ and ST— populations, we 
analyzed by western blot relative levels of p65 (Figure 27B-C). Similarly to what has been reported 
in epithelial cells, we observed a decrease in the amount of p65 in nuclei of wild type-infected 
MEF but not in MEF infected with the ΔgogAΔgtgAΔpipA mutant. However, is in the cytosol of 
wild type ST+ population where the increased drop of p65 levels is observed (Figure 27B). These 
results suggest that GtgA, GogA and/or PipA could be required to decrease p65 levels in both the 
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We conclude that certain T3SS effectors might have evolved to modulate host proteins in 
the NF-κB pathway that specifically control a subset of genes activated by NF-κB. Moreover, the 
NF-κB inhibitory effect seems not be due to proteolysis of p65 in the nuclei of ST+ fibroblasts. 
Taken together, these data demonstrate that intracellular S. Typhimurium uses effectors secreted 
by SPI1-T3SS and SPI2-T3SS to subvert the NF-κB response in fibroblasts.  
Figure' 27.' Role' of' GtgA,' GogA' and' PipA' in' modulation' of' NFHκB' activity.! MEF! were! infected! with!
GFP1expressing!wild! type! S.! Typhimurium! strain! and! the! isogenic! mutant! !ΔgtgAΔgogAΔpipA.! ST+! and! ST—!
populations!were! separated! by! FACS! and! total! RNA! or! nuclear/cytosolic! proteins!were! extracted.! (A)! Genes!
differently!regulated!in!ST+!and!ST—!MEF!populations!were!studied!in!ΔgtgAΔgogAΔpipA1infected!MEF.!NFKBIA!
and! TRAF1! showed! no! difference!between! ST+! and! ST—! in!ΔgtgAΔgogAΔpipA1infected!MEF,!while! IL1B*and!
SOCS3!showed!the!same!trend!that!in!wild!type!S.!Typhimurium!infected!MEF!(see!figure!18!for!comparison).!(B)!
Cytosolic! protein! extracts! from! ST+! and! ST—! from! wild! type! and! ΔgtgAΔgogAΔpipA1infected! MEF! were!
analyzed! for! p65!expression!and!relativized!to! the!expression!of! Tubulin.!Relative! intensities! of!ST+! and! ST—!
nuclear!fractions!were!compared!to!the!naive!sample.!Absence!of!histone!3!(H3)!in!cytosolic!samples!confirmed!
purity! of! cytosolic! fraction;! (C)! Nuclear! protein! extracts! from! ST+! and! ST—! from! wild! type! and!
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In this work, we have studied how intracellular S. Typhimurium modulates the NF-κB response in 
fibroblasts. We focused in this host cell type based in the unique behavior of the pathogen in fibroblasts, in 
which it establishes a persistence state instead of the active growth that this pathogen shows in epithelial 
cells (Cano et al. 2001; Cano et al. 2003). Fibroblasts would be good target cells to establish a persistent 
infection since they are spread in different tissues and, interestingly, their life-time is reported to be much 
longer than other cell types such as the cells of the intestinal epithelium, which are renewed every 24 hours 
(Georgakopoulou et al. 2016). Indeed, studies in other pathogen and parasites, such as Leishmania have 
shown to be an “attractive” cell type to establish a persistence and perdurable infection in the host (Bogdan 
et al. 2000). 
 
We first examined the contribution of NOD receptors. These receptors play an essential role in the 
detection of peptidoglycan in the intracellular environment of the eukaryotic cell. This phenomenon is 
followed by the activation of NF-κB and MAPK pathways (Shaw et al. 2008). NOD receptors, together with 
other intracellular and membrane-bound receptors, are an important part of the innate immune system 
(Monie et al. 2011). The use of MEF obtained from transgenic mice deficient in NOD1, NOD2 or RIP2 
revealed that none of these three proteins are responsible for the attenuation of S. Typimurium growth 
observed inside fibroblasts. Moreover, our subsequent analyses showed that the Ser536 phosphorylation 
status of p65 (NF-κB subunit) showed slight differences in infected MEF of different genetic backgrounds 
(NOD1—/—, NOD2—/— or RIP2—/— ). Despite the widely accepted notion that phosphorylation of p65 at its 
Ser536 residue is essential for activation (Ahmed et al. 2014), there is also evidence in MEF that this 
Ser536 phosphorylation attains more to the subcellular location than to activation itself of NF-κB (Moreno 
et al. 2010). We conclude that the analysis of this phosphorylation site was, therefore, not informative 
enough in our infection model. Despite the analysis of other phosphorylation sites could be informative, of 
differential NF-κB status between MEF genotypes, there will always be approximately half of the MEF 
population that will remain uninfected. Thus, by measuring the phosphorylation status of p65 we could 
never discriminate between the phosphorylation in infected (ST+) or uninfected (ST—) MEF. 
 
Based on the difficulty inherent to the use of tissue culture models, in which average data of the 
whole cell culture are commonly obtained, we reasoned that to dissect how S. Typhimurium affects NF-κB 
signaling we should perform single-cell analysis of NF-κB location in both infected (ST+) and uninfected 
(ST—) fibroblasts. Staining of p65 in fixed cells showed that S. Typhimurium induces p65 nuclear 
translocation in the infected MEF in a NOD1- and RIP2-dependent manner (Figure 5). It is widely 
recognized that the signaling axis NOD1-RIP2 is activated by peptidoglycan fragments. However, it has also 
been reported in epithelial cells that some S. Typhimurium SPI1-T3SS protein effectors, such as SipA and 
SopE, can activate NF-κB through direct binding to NOD receptors in absence of peptidoglycan (Keestra et 
al. 2011; Keestra et al. 2013). This view, which was supported by experiments involving ectopic expression 
of the effector in absence of bacterial infection, contrasts with the classical model in which PG fragments 




phenomena could occur simultaneously in the infected fibroblast. It is also known that S. Typhimurium 
binds to and ubiquitinates NOD1 using the SPI2-T3SS effector SspH2 (Bhavsar et al. 2013). In this 
manner, SspH2 could activate NOD1 in an agonist-independent manner in epithelial cells. It would be 
worth in the fibroblast infection model to elucidate whether NF-κB activation through NOD1-RIP2 
pathway is due to sensing of PG fragments and/or the action of effectors such as SipA, SopE or SspH2. 
Approaches based in ectopic expression of these effectors in fibroblasts could be informative at this respect. 
Regardless of which of these two mechanisms is predominant, either effector-NOD or PG fragment-NOD 
interaction, our results favor the idea that changes in the p65 cytosol-to-nucleus translocation rate do not 
direct at a high extent the fate of intracellular S. Typhimurium in MEF. In contrast to our data, L. 
pneumophila mutants displaying reduced intracellular growth rates induce NF-κB at lower extent, which 
supports a direct correlation between both phenomena (Losick & Isberg 2006). In our studies, we 
definitively observed less NF-κB activation in MEF deficient in either NOD1 or RIP2; however, no 
statistically significant change in the growth rate of intracellular bacteria was observed.  
 
NF-κB translocates into the nucleus to exert its function as transcription factor. Nuclear 
translocation rarely happens spontaneously and it normally occurs following perception of a stimulus by the 
cell (Zambrano et al. 2014). We sought to determine how the infection of fibroblasts with S. Typhimurium 
modulates NF-κB cytosol-to-nucleus translocation. To address this, we used MEF obtained from a 
transgenic p65-GFP knock-in mouse and analyzed the nuclear/cytosolic ratio of p65 in living cells, i.e. in 
real time. To our knowledge, this experimental approach has not been applied before to any bacterial 
infection model to examine NF-κB activity. The use of a microfluidic device allowed us to set conditions 
with continuous flow of fresh media in the chamber after infection of the fibroblasts. In this manner, the 
non-internalized S. Typhimurium and signaling molecules secreted by the fibroblasts were continuously 
washed-out. This experimental setting proved to be suitable for assigning only to intracellular 
S. Typhimurium the observed changes in NF-κB activity (Figure 12). In fact, these experiments showed that 
intracellular bacteria induced NF-κB nuclear translocation in MEF. We therefore conclude that 
S. Typhimurium signals positively to NF-κB and probably exploits, at least in part, the NOD1-RIP2 
signaling pathway. Interestingly, heptose-1-7,biphosphate (HBP), an intermediate molecule in the process of 
LPS synthesis by Gram-negative bacteria, can reach the host cell cytosol of macrophages and epithelial cells 
by endocytosis or following bacterial uptake. HBP presence in the cytosol activates NF-κB by TRAF-
interacting protein with forkhead-associated domain (TIFA) and TRAF6 (Gaudet et al. 2015). We cannot 
discard that, besides the NOD1-RIP2 pathway, the HBP metabolite could be a potential activator NF-κB in 
S. Typhimurium-infected fibroblasts. 
 
The infection experiments performed in static non-flowing media (i.e., in standard cell culture wells) 
resulted in a quite different scenario. In this case, ST— fibroblasts showed higher NF-κB activation than in 
the microfluidics set-up. The main difference between the two systems is the constant replacement of the 




reasoned that among the molecules secreted to the media by the fibroblasts there could be signaling 
molecules with potential to stimulate both the ST+ and the bystander ST— fibroblast cells. Additional 
experiments in which TNF-α was added after bacterial infection or we challenged the fibroblast culture 
with a second round of S. Typhmurium infection, confirmed that ST— fibroblasts respond at a higher 
extent to extracellular signals. These data led us to speculate about S. Typhimurium-infected fibroblasts 
entering into a “refractory state” not responding to extracellular signals that normally activate NF-κB. This 
view was further confirmed by analyzing gene expression in ST+ and ST— fibroblast populations that were 
sorted by FACS and analyzed separately.  
 
Widely studied NF-κB target genes such as NFKBIA, IL1B, ICAM1 and TRAF1 among others, were 
transcribed at higher levels in the ST— fibroblast subpopulation. This was indicative a more intense NF-κB 
response in these fibroblasts. We infer from these results that ST+ fibroblasts remain refractory to the NF-
κB stimulatory molecules that circulate in the cell culture media. Having these results in mind, it was 
tempting to think that the ST+ fibroblasts were refractory to any kind of stimulus. However control assays 
indicated that upon an apoptotic stimulus, both ST+ and ST— fibroblast populations are capable of 
triggering apoptosis (see Figure 22). In addition, GSEA analyses of the microarray data indicate that ST+ 
fibroblasts could have enhanced expression of genes responding to insulin (see Table S4). Altogether, these 
observations led us to think of signaling pathways in the fibroblast that could be specifically subverted by 
intracellular S. Typhimurium to alter its responsiveness to external stimuli. A similar scenario has been 
recently reported for macrophages infected with M. tuberculosis, which become refractory to IFN-γ-mediated 
autophagy and restriction of pathogen intracellular growth (Lienard et al. 2016). Our gene expression data, 
partly agree with a recent RNA-seq in S. Typhimurium infected HeLa-S3 cells and subsequently separated 
by FACS into ST+ and ST— HeLa-S3 cells (Westermann et al. 2016). In this study performed in epithelial 
cells, the authors showed up-regulation of SOCS3 in infected (ST+) cells, however, they attribute such 
induction to SPI2-T3SS protein effectors. Contrary to our results, they claimed up-regulation of NF-κB 
target genes in the ST+ cell population. This difference could be do to the time point at which RNA 
samples were obtained, since their data refer to 24 hpi (Westermann et al. 2016). 
 
Our study has also provided new data regarding the timing at which different processes linked to 
NF-κB activity occur during the interaction of S. Typhimurium with fibroblasts. We differentiated a first 
stage, comprising the first hour after bacterial internalization, in which the NF-κB response was equivalent 
in the ST+ and ST— populations. The dynamics experiments focused in p65 showed a massive translocation 
to the nucleus in both fibroblast populations. ST+ and ST— fibroblasts also exhibited enhanced 
transcription of NFKBIA, an early NF-κB target, at 1 hpi. It is after this initial hour, when the two fibroblast 
populations start to exhibit distinct responses (Figure 12). The exact basis of this initial stimulation of the 





At later times of the infection (3-6 hpi), the ST+ and ST— fibroblast populations were clearly 
differentiated phenotypically (Figure 22). Based on our “refractory state” model, we could hypothesize that 
ST+ fibroblasts are stimulated exclusively by intracellular bacteria whereas ST— fibroblasts perceive a strong 
stimulation by extracellular cytokines and chemokines. This idea is sustained by gene expression data 
obtained for NFKBIA, TRAF1, IL1B and SOCS3. As the infection process progressed, the differences in 
expression of these genes between ST+ and ST— fibroblasts were enhanced. If we focus on the NF-κB 
targets NFKBIA, TRAF1, and IL1B, their expression in ST— fibroblasts is subjected to a clear positive 
feedback showing increased expression overtime. This phenomenon is consistent with the exposure to and 
sensing by ST— fibroblasts of distinct extracellular signals, probably most of them NF-κB activators. 
Conversely, in the ST+ fibroblasts intracellular bacteria might limit perception of activation signals derived 
from the extracellular environment. A similar phenomenon is known for cells that are stimulated with 
purified LPS. This bacterial compound activates expression of genes encoding cytokines that provoke a 
positive autocrine and paracrine feedback, stimulating IKK activity, which, in turn, leads to enhanced 
expression of NF-κB targets (Werner et al. 2005). Based on our experimental data, we could tentatively 
assign a similar scenario to ST— fibroblasts that are bystander to the ST+ fibroblasts harboring intracellular 
S. Typhimurim.  
 
Among the NF-κB targets analyzed at distinct post infection times, NFKBIA belongs to the so-called 
“early genes” (Sung et al. 2009; Zambrano et al. 2016) while TRAF1 belong to the “late genes” class (Sung et 
al. 2009). In our study, NFKBIA and TRAF1 showed different expression profiles at early times post 
infection: NFKBIA highly induced and TRAF1 unaltered in ST+ and ST— fibroblast populations. However, 
at late post-infection times, 6 hpi, both genes showed increased expression in the ST— fibroblast 
population, which was clearly distinguishable from the ST+. These differences could be due to the distinct 
regulation between the early vs late genes, that both would be induced by S. Typhimurium infection. 
 
We extended these gene expression analyses at the protein level. The relative levels of the inhibitor 
IκBα and p65 were substantially different when comparing ST+ and ST— fibroblast populations in the 3-6 
hpi period. The ST+ fibroblast population produced lower levels of both proteins (Figure 22B-C). How the 
IκBα protein levels fluctuate in response to stimuli have been discussed above. In agreement with the drop 
in p65 protein levels that we observed in ST+ fibroblasts, a recent study described three S. Typhimurium 
effectors with protease activity, GtgA, GogA and PipA, which target p65 in the nucleus of infected 
epithelial cells (Sun et al. 2016). We observed a similar situation in fibroblasts although p65 relative levels 
also diminish in the cytosol of wild type-infected MEF. These differences might rely in the distinct host cell 
type examined in both studies. In line with this assumption, it has been postulated that the repertoire of 
effectors translocated to the infected cells by S.Typhimurium might vary in part depending on the host cell 
type that is infected by this pathogen (Núñez-Hernández et al. 2014). 
 
Other host proteins, such SOCS-3 or TRAF6, were detected with increased relative amounts in ST+ 




the anti-TRAF6 antibody. This protein has approximately 19 kDa and appeared only in the ST+ fibroblast 
population (see Figure 19). We tentatively assigned this band to a processed form of TRAF6. To our 
knowledge, however, no alternative form of TRAF6 has been described so far. In addition, we cannot 
discard that the intracellular S. Typhimurium cleaves TRAF6 and generates this processed form similarly as 
GogA, GtgA or PipA do with p65. If this 19 kDa-protein corresponds to a truncated form of TRAF6, this 
could be theoretically acting as dominant negative impairing TNF-α signaling in the infected cell. This 
scenario could explain in part the refractory state of the infected cells to cytokine treatment. SOCS-3 is also 
highly expressed in the ST+ fibroblast population. The SOCS-3 protein levels followed the same trend as 
the transcript levels in all cell populations examined. It is worth to note that the JAK/STAT pathway 
regulates SOCS3 transcription and that SOCS-3 acts as an E3-ubiquitin ligase. This pathway would generate 
a negative feedback loop impeding STAT1 and STAT3 activation by JAK (Yoshimura & Yasukawa 2012). 
SOCS-3 was also reported to inhibit the function of TRAF6 and TAK1, which are necessary for IL-1β 
receptor and TLR signaling pathways (Frobøse et al. 2006) and to impair NF-κB binding to DNA (Karlsen 
et al. 2004). This fact could also explain the unresponsive state of the ST+ fibroblasts. SOCS3 induction in 
our infection model is clearly associated to the activity of the S. Typhimurium SPI1-T3SS: the induction of 
SOCS3 is hampered when MEF are infected with a S. Typhimurium mutant lacking SPI1 (see Figure 23). 
This observation contrasts with the data of Uchiya and Nikai, which reported that SOCS3 induction upon 
S. Typhimurium infection depends on SPI2 (Uchiya & Nikai 2005). This study however, was performed in 
macrophages, which could explain such difference.  
 
It has been shown that M tuberculosis expresses the protein PPE18 to up-regulate SOCS-3 protein 
levels and phosphorylation state. As a consequence, SOCS-3 interacts with IκBα and hides 
phosphorylation sites Ser32 and Ser36 in this inhibitory protein. This results in an IκBα that is not 
phosphorylated and remains bound to NF-κB. These evidences clearly show that SOCS-3 can indirectly 
inhibit NF-κB activity and the induction of pro-inflammatory cytokine production (Nair et al. 2009). This 
negative action of SOCS-3 over NF-κB could take place in our S. Typhimurium-fibroblast infection model 
and it would be interesting to test this hypothesis in future studies. As mentioned before, SOCS-3 is 
induced in only ST+ fibroblasts at the protein and transcript levels, and this phenomenon is absolutely 
dependent on a functional SPI1-T3SS. 
 
An intriguing observation of our study concerns the relative levels of NF-κB inhibitors measured at 
RNA (transcript) and protein level in the ST— fibroblast population. NFKBIA, NFKBIB or TNFAIP3, which 
encode for IκBα, IκBβ and A20 respectively, display increased expression in this ST— fibroblast 
population. This result is counterintuitive since ST— fibroblasts display more NF-κB activity than the ST+ 
cells. A probable explanation to this phenomenon might rely in the fact that the three genes encoding these 
inhibitors are themselves targets of NF-κB. Thus, the more NF-κB activity, the greater amount inhibitors 
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the activity of this set of inhibitors in the ST— fibroblasts, leading to a state with higher NF-κB activity. 
Future work is required to discern between these two possibilities.  
 
Despite the characterization of changes in the NF-κB response as a consequence of S. Typhimruium 
infection, we were unable of dissecting the exact mechanism exploited by the pathogen to dampen NF-κB 
activity. The data obtained with S. Typhimurium isogenic strains defective for the SPI1-T3SS (ΔSPI1) or 
SPI2-T3SS (ΔssaV) analysed in ST+ and ST— fibroblast populations separated by FACS, support the 
involvement of protein effectors translocated by both secretion systems in the inhibition of the NF-κB 
response. To identify the effectors responsible for dampening the NF-κB response, we monitored relative 
levels of ICAM-1 at the cell surface of fibroblasts infected with S. Typhimurium mutants lacking defined 
effectors. As mentioned, some SPI1-T3SS effectors were reported to inhibit NF-κB. For example AvrA, 
which induces deubiquitination of IκBα (Ye et al. 2007); or, SptP, which limits IL-8 expression following 
TNF-α treatment (Haraga & Miller 2003). Other effectors with NF-κB inhibiting activity are GtgA, GogA 
and PipA, which a recent study implicated in proteolysis of p65 (Sun et al. 2016). In our fibroblast 
infection model, none of these effectors plays an essential role for inhibiting NF-κB activity. Thus, all the 
single mutants tested exhibited similar behaviour than wild-type bacteria regarding their capacity to inhibit 
ICAM-1 expression at the cell surface (see Figure 25). Such results supports a probable partial redundancy 
in the function exerted by of some these effectors respect NF-κB inhibition. Alternatively, we cannot 
discard that NF-κB activity is inhibited effectively in fibroblasts by a SPI1-T3Ss and/or SPI2-T3SS effector 
not yet tested. The possibility of effector redundancy was discarded at least for three effectors by using the 
triple ΔgtgAΔgogAΔpipA mutant (see Figure 25). The same applies to the double ΔavrAΔsptP mutant, which 
behaved as wild-type bacteria in the cytometry assays performed to estimate surface levels of ICAM-1. We 
also studied the effect of the ΔSPI1 and ΔSPI2 (ΔssaV) deletion mutants on the expression of NF-κB 
targets: NFKBIA, TRAF1 and IL1B. In this regard, we determined that inhibition of NFKBIA and TRAF1 
are actively regulated by SPI1-T3SS and SPI2-T3SS in an ST+ population infected with the wild-type strain. 
This is seen by the approximately 5-fold increased expression of NFKBIA and TRAF1 observed in the ST+ 
fibroblast populations infected with ΔSPI1 and ΔssaV strains (see Figure 24). On the contrary, the 
inhibition of the expression of IL1B in the ST+ population infected with the wild-type strain relies on only 
Figure'28.'Model'of'NF1κB'activation'in'the'S.'Typhimurium1infected'fibroblast.!Intracellular!and!extracellular!
signals! are! represented! in! infected! (ST+,! red)! and!uninfected! (ST—,! green)! fibroblasts! in:! (A)! a! cytokine?free!
environment! (microfluidics! device)! and,! (B)! extracellular! signaling?permissive! environment! (standard! culture!
conditions).!(A)!In!the!cytokine?free!culture!condition,!the!only!signals!shown!are!intracellular!S.#Typhimurium,!
located! in! the! Salmonella! containing! vacuole! (SCV),! signaling! through! NOD1! to! promote! activation! and!
translocation! of! NF?κB! to! the! nucleus.! No! stimulus! is! shown! in! the! ST—! fibroblast! in! this! cytokine?free!
environment.!(B)!In!an!extracellular!signaling?permissive!environment,!NF?κB!activation!takes!place!in!both!ST+!
and! ST—! fibroblasts.! In! the! ST+! cells,! intracellular! S.!Typhimurium! limits! NF?κB! translocation! to! the! nucleus!
(thick! red! line)! and! our! experiments! suggest! this! could! be! occurring! at! some! point! upstream! in! the! NF?κB!
activation!pathway,! affecting!distinct! activation! signals.!We! cannot!discard!NF?κB!activation!by!NOD1! in! this!
condition.! The! input! activating! signals! and! the! inhibitory! effect! of! intracellular! S.! Typhimurium! results! in! a!
moderate! activation! of! NF?κB.! The! ST?! fibroblasts! percieve! the! signals! from! the! extracellular! milieu! that!





SPI1-T3SS protein effectors, seen as an increased expression of this gene in the ΔSPI1 ST+ population (see 
Figure 24). This difference between IL1B and the other two NF-κB targets assayed, NFKBIA and TRAF1, 
could be due to different transcriptional regulation at the distinct steps in the NF-κB activation pathway 
that S. Typhimurium could alter.  
 
Intriguingly, we observed that NFKBIA and TRAF1 expression is similar in the ST+ populations 
infected with ΔSPI1, ΔssaV or ΔgtgAΔgogAΔpipA (see Figure 27). We conclude that these effectors might 
therefore regulate transcription of NFKBIA and TRAF1. By contrast, IL1B was up-regulated in the ST+ 
population of the ΔSPI-1 mutant-infected MEF whereas such effect was not seen in the ST+ population of 
MEF infected with the ΔgtgAΔgogAΔpipA triple mutant (see Figure 27). Lack of GtgA, GogA and PipA had 
therefore no consequences for the control of ILB1 expression in infected MEF (see Figure 25). This 
reinforces the idea of additional effector(s) “distinct” from GtgA, GogA and PipA that might be used by 
S. Typhimurium to alter NF-κB activity and, as a result, to impair IL1B induction. The same occurs with 
SOCS3 expression, its induction depends on SPI1-T3SS but not on SPI2-T3SS or on GtgA, GogA and/or 
PipA. It is also worth to note that whereas GtgA has been shown to be a SPI2-T3SS effector (Ramos-
Morales 2012), no data exist about the secretion apparatus of those encoded by SPI-1 or SPI-2 that could 
recognize GogA and PipA as substrates.  
 
Although these observations do not provide a definitive answer to which effector is involved, the 
data point to a “multiple action” directed by several effectors translocated by SPI1-T3SS and SPI2-T3SS 
over NF-κB when S. Typhimurium is located inside the fibroblast. Our western data, in fact, demonstrated 
that the activity of SPI1-T3SS and SPI2-T3SS overlap in timing during the intracellular infection of 
fibroblasts. Thus, SPI1-T3SS substrates are detected in intracellular bacteria up to 3 hpi whereas SPI2-T3SS 
are produced from that post-infection time (see Figure 24). 
 
To date, many studies have focused in the mechanisms by which S. Typhimurium suppresses of the 
host immune response and alters of inflammasome function (Shin & Brodsky 2015). S. Typhimurium in 
macrophages activate NLRP12, which in turn inhibits phosphorylation of IκBα and ERK to suppress the 
immune activation of the infected cells (Zaki et al. 2014). It would be interesting to study the activation of 
NLRP12 in our infection model to see whether it could contribute to the NF-κB inhibition detected in 
infected cells. Many mechanisms share the objective to make the cell less ‘reactive’ upon the infection and, 
in this way, secrete less inflammatory proteins, cytokines and immuno-attracting molecules. 
 
There are many pathways that S. Typhimurium modulates to its own benefit. Interferon (IFN) 
response can be deleterious or protective in bacterial infections depending on the pathogen (Decker et al. 
2005). In the case of S. Typhimurium, it is described that in macrophages the pathogen is able to suppress 
autophagy in a SPI2-T3SS dependent manner (Owen et al. 2016). This strategy is based in limiting 




β response by S. Typhimurium correlates with increased colonization of deeper host tissues in vivo. Contrary 
to that, others reported that S. Typhimurium-infected macrophages from knocked-out mice IFNB—/— 
(encoding for IFN-β) induce at a greater extent expression of IL-1 and chemoattractant cytokines (CXCL1, -
2 and -5), an effect observed both in vitro and in vivo. In this scenario, S. Typhimurium would benefit from 
an enhanced INF-β response (Perkins et al. 2015). In epithelial cells and fibroblasts it has been shown that 
pre-treatment with IFNα and IFNβ hinders S. Typhimurium invasion (Bukholm et al. 1984; Niesel et al. 
1986). Our transcriptomic results do not show an enrichment of the IFNβ response genes neither in ST+ 
nor in the ST— fibroblast populations (see Tables S3 and S4). It is known that the extracellular bacteria 
induce IFN-β expression by LPS activating TLR4 in a MYD88-independent manner (Oshiumi et al. 2003). 
Then, if the IFN-β response is due to extracellular signaling, this would affect both ST+ and ST— 
populations at the same extent and, consistently with our transcriptomic data, no relevant difference would 
be observed between these populations regarding IFN-β response. Despite other authors reporting up-
regulation of IFNB transcription due to intracellular S. Typhimurium activating TBK1 and IKK complexes 
by an unknown mechanism (Decker et al. 2005), this effect was not observed in the ST+ population 
according to our transcriptomic data (see Tables S3 and S4). These disparate observations may result for the 
time point of the infection at which the RNA was extracted and/or the different cell type examined.  
 
S. Typhimurium, as other intracellular pathogens, influences the innate immune system activation 
by modulating the activity of mitogen-activated protein kinases (MAPK). S. Typhimurium can either 
stimulate or repress defined MAPK pathways by distinct secreted protein effectors. In the fibroblast-S. 
Typhimurium infection model, we did not characterize the MAPK response in the ST+ and ST— 
populations due to time costrains. However, the S. Typhimurium effectors SopE, SopE2, reported to 
activate the NF-κB response, also activate MAPK pathways (Hardt et al. 1998; Friebel et al. 2001). 
Interestingly, those effectors that are described to impair the NF-κB response (AvrA, SptP and SpvC), are 
also reported to inhibit MAPK (Jones et al. 2008; Du & Galán 2009; Lin et al. 2003; Murli et al. 2001; 
Mazurkiewicz et al. 2008; Zhu et al. 2007). This fact suggests a coordinate action of the T3SS effector 
proteins to trigger or attenuate the innate immune system by modulating distinct pathways. It would be of 
much interest to study the activation of other proteins and pathways in response to the infection, since we 
cannot discard that other signaling pathways might also be altered between the ST+ and the ST— fibroblast 
populations. A recent study described a method by which the activity of JNK, p38 and ERK could be 
measured simultaneously by time-lapse microscopy in single cells (Regot et al. 2014). Contrary to our 
experimental set-up, in which p65 expression levels in fibroblasts are physiological, the study of Regot et al. 
is a plasmid-based system that might not guarantee a physiological state for these kinases. Previous data 
from our laboratory obtained in normal rat kidney (NRK-49F) fibroblasts revealed no evidence of p38 and 
JNK phosphorylation from early (20 min) until late (24 hpi) times post infection. By contrast, these studies 
did show phosphorylation in ERK and AKT. Based in the technical advance of real time imaging described 




S. Typhimurium-infected fibroblast culture and to analyze probable differences between ST+ and ST— cell 
populations. 
 
The attenuation of the NF-κB response in infected fibroblasts could have important effects in other 
types of cells. For instance, it would be interesting to analyze if NF-κB is also inhibited in dendritic cells. In 
the communication between DC and T-cell it has been described that ICAM-1 helps to mediate the cell-to-
cell contact (Lebedeva et al. 2005). Thus, a diminished expression of ICAM-1 on the surface of these cells 
due to S. Typhimurium infection would impair antigen presentation to T-cells. Another phenomenon 
linked to NF-κB inhibition is the polarization of macrophages. M1 polarization is characterized by an 
inflammatory phenotype with the objective to kill pathogenic organisms. However, M2 polarization is 
characterized by little secretion of pro-inflammatory cytokines and increased secretion of anti-inflammatory 
cytokines (Labonte et al. 2014). Clearly the M2 polarization phenotype is less aggressive for the survival of 
S. Typhimurium. M2 phenotype is acquired, among others, by NF-κB inhibition in the M1 macrophage. If 
the NF-κB inhibition due to the presence of intracellular S. Typhimurium would be also manifested in 
macrophages, then, we could hypothesize in a switch to M2 phenotype that could be advantageous for the 
pathogen. Other studies reported similar strategies in distinct pathogens. For example M. tuberculosis 
(Schaale et al. 2013) and Staphylococcus aureus (Xu et al. 2013) induce M2 polarization. Another study 
reported that M2 macrophages are a niche for S. Typhimurium persistence, but they relate this 
phenomenon to the activity of peroxisome proliferator-activated receptor δ (PPARδ) (Eisele et al. 2013). 
 
An overview of the results in this study indicates that S. Typhimurium has evolved to trigger 
inflammation at the first stages of the infection but it is able to turn down such state at later infection 
times. The first inflammatory burst is necessary to compete with the residing microflora in the gut (Rivera-
Chávez & Bäumler 2015). However, once the pathogen has reached the target cells, its goal is to develop a 
silent infection without attracting sentinel cells that would alert the host of the presence of the pathogen. 


































From the results obtained in this PhD thesis we conclude: 
 
1. The pattern recognition receptor NOD1 and its binding partner RIP2 induce translocation of 
NF-κB to the nucleus in mouse embryonic fibroblasts (MEF) infected with S. Typhimurium. 
 
2. The pattern recognition receptors NOD1 and NOD2, and RIP2, do not regulate the 
intracellular growth of S. Typhimurium in MEF, at least until 24 hpi.  
 
3. Intracellular S. Typhimurium activates translocation of NF-κB to the nucleus of MEF.  
!
4. Intracellular S. Typhimurium attenuates translocation of NF-κB to the nucleus in infected 
fibroblasts exposed to extracellular signals.  
 
5. In a fibroblast culture, the uninfected (ST-) cells show increased expression of NF-κB target 
genes compared to the infected (ST+) cell population containing intracellular S. Typhimurium 
from 3 hpi.  
 
6. Protein effectors translocated by SPI1-T3SS and SPI2-T3SS inhibit transcription of the NF-κB 
target genes NFKBIA and TRAF1. 
 
7. SPI1-T3SS protein effectors contribute to down-regulate the NF-κB target IL1B in the infected 
(ST+) fibroblasts.  
 
8. The inhibitor of signaling by cytokines SOCS-3 is up-regulated in the infected (ST+) fibroblasts 
by protein effectors translocated by SPI1-T3SS. 
 
9. SPI1-T3SS protein effectors distinct from AvrA and SptP down-regulate expression of surface 
ICAM-1 in the infected (ST+) fibroblast.  
 
10. S. Typhimurium effectors GtgA, GogA and/or PipA proteolyze p65 in the cytosol of infected 











De los resultados obtenidos en esta tesis doctoral concluimos:  
 
1. El receptor de reconocimiento de patrones NOD1 y su quinasa adaptadora RIP2 inducen 
translocación de of NF-κB al núcleo de fibroblastos embrionarios de ratón (MEF) en respuesta 
a la infección con S. Typhimurium. 
 
2. Los receptores de reconocimiento de patrones moleculares asociados a patógenos (PMAP) 
NOD1, NOD2 y RIP2 no regulan la proliferación intracelular de S. Typhimurium en MEF, 
por lo menos hasta las 24 hpi.  
 
3. S. Typhimurium activa la translocación al núcleo de NF-κB en el interior de fibroblastos.  
!
4. S. Typhimurium atenúa la translocación al núcleo de NF-κB en fibroblastos infectados cuando 
se exponen a moléculas estimuladoras en el medio extracelular  
 
5. En un cultivo celular de fibroblastos, las células no infectadas (ST-) muestran un nivel mayor 
de expresión de genes diana de NF-κB comparando con las células infectadas (ST+) que 
contienen S. Typhimurium intracelular. Esta diferencia se detecta desde las 3 horas post-
infección.  
 
6. Proteínas efectoras translocadas por sistemas de secreción tipo 3 codificados en las islas 1 y 2 
de patogenicidad de Salmonella (SPI1-T3SS y SPI2-T3SS) inhiben la transcripción de los genes 
NFKBIA y TRAF1, ambos diana de NF-κB. 
 
7. Proteínas efectoras secretadas por el SPI1-T3SS contribuyen a atenuar la expresión del gen 
diana de NF-κB, IL1B, en los fibroblastos que contienen S. Typhimurium intracelular (ST+).  
 
8. La expresión del gen SOCS3, que codifica por el inhibidor de señalización por citoquinas se 
encuentra elevada en fibroblastos ST+ debido a la acción de proteínas efectoras que se secretan 
por el SPI1-T3SS. 
 
9. Proteínas efectoras secretadas por el SPI1-T3SS distintas a AvrA y SptP regulan negativamente 
la expresión de ICAM-1 en la superficie de fibroblastos infectados (ST+).  
 
10. Las proteínas efectoras GtgA, GogA y/o PipA inducen proteólisis de p65 en el citoplasma de 
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Table S1. S. Typhimurium strains used in this study (*) 
 
 





Balestrino D, Anne Hamon M, Dortet L, Nahori MA, Pizarro-Cerda J, Alignani D, Dussurget O, 
Cossart P, Toledo-Arana A. 2010. Single-cell techniques using chromosomally tagged 
fluorescent bacteria to study Listeria monocytogenes infection processes. Appl Environ 
Microbiol 76: 3625–3636. 
Drecktrah D, Levine-Wilkinson S, Dam T, Winfree S, Knodler LA, Schroer TA, Steele-Mortimer 
O. 2008. Dynamic behavior of salmonella-induced membrane tubules in epithelial cells. 
Traffic 9: 2117–2129. 
Vivero A, Baños RC, Mariscotti JF, Oliveros JC, García-del Portillo F, Juárez A, Madrid C. 2008. 
Modulation of horizontally acquired genes by the Hha-YdgT proteins in Salmonella enterica 
serovar Typhimurium. J Bacteriol 190: 1152–6.  
 
Strain Relevant genotype Source or reference 
SV5015 SL1344 His+ (Vivero et al. 2008) 
MD1810 SV5015 pC.IG-dsRed (Drecktrah et al. 2008) 
MD2285 ΔSPI-1::Km pAD1cGFP This study 
MD2442 SV5015 pAD1cGFP (Balestrino et al. 2010) 
MD3601 ΔssaV::aphT This study 
MD3603 ΔSPI-1::Km This study 
MD3614 ΔgogB::Km This study 
MD3615 ΔavrA::Km This study 
MD3519 ΔsspH1::aphT This study 
MD3621 ΔsptP::Km This study 
MD3632 ΔgogA::Km pC.IG-dsRed This study 
MD3633 ΔgtgA::Km pC.IG-dsRed This study 
MD3634 ΔpipA::Cm pC.IG-dsRed This study 
MD3635 ΔavrA ΔsptP::aphT pC.IG-dsRed This study 
MD3637 ΔgogA::Km ΔgtgA ΔpipA::Cm pC.IG-dsRed This study 
MD3638 ΔgogA ΔgtgA ΔpipA pAD1-cGFP This study 
MD3995 ΔsseL::Km This study 
MD4007 ΔSPI-1::Km pC.IG-dsRed This study 
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Table S2 . Oligonucleotides used as primers in this study (5’ to 3’ sequence) 
 
 
















































IL1B IL1B_RV_RT_mouse TCCAATGGCCTCCAGTCCT 
IL1B_RV_RT_mouse GAGCATCTTTCGGGGGAGAC 
NFKBIA NFKBIA_FW_RT_mouse TAGCAGTCTTGACGCAGACC 
NFKBIA_RV_RT_mouse AGACACGTGTGGCCATTGTA 
TRAF1 TRAF1_FW_RT_mouse TGGGATAATTGCCAAGCTCA 
TRAF1_RV_RT_mouse TGGCTACCCTATGTCACACG 
SOCS3 SOCS3_FW_RT_mouse CCTCGGGGACCATAGGAGG 
SOCS3_RV_RT_mouse CGGGGAGCTAGTCCCGAA 
HPRT HPRT_FW_RT_mouse GCAGTACAGCCCCAAAATGG 
HPRT_RV_RT_mouse ATCCAACAAAGTCTGGCCTGT 
SOCS1 Socs1_RT_Fw_Mouse TAACCCGGTACTCCGTGACT 
Socs1_RT_Rv_Mouse GCGCCCCCACTTAATGCT 
BCL3 BCL3_FW_RT_mouse TCCAATGGCCTCCAGTCCT 
BCL3_RV_RT_mouse GAGCATCTTTCGGGGGAGAC 
TNAIP3 TNFAIP3_FW_RT_mouse CCACTTGGGCTCTGCGAGG 
TNFAIP3_RV_RT_mouse GAAGTTGTTCAGCCATGGTCCT 































Organism Gene Primer name Primer sequence 
Human 
IL1B IL1B_FW_RT_hs AGCTGATGGCCCTAAACAGA 
IL1B_RV_RT_hs GGAGATTCGTAGCTGGATGC 
NFKBIA NFKBIA_FW_RT_hs ATGTCAATGCTCAGGAGCCC 
NFKBIA_RV_RT_hs GATTTTGCAGGTCCACTGCG 
TRAF1 TRAF1_FW_RT_hs CTGTGCAGGCTGTCTCTCTG 
TRAF1_RV_RT_hs GACTGGAGGTCTTCCCCTCT 
SOCS3 SOCS3_FW_RT_hs ATTCGGGACCAGCCCCC 
SOCS3_RV_RT_hs GGAGCCAGCGTGGATCTG 
HPRT HPRT_FW_RT_hs TGACACTGGCAAAACAATGCA 
HPRT_RV_RT_hs GGTCCTTTTCACCAGCAAGCT 
SOCS1 Socs1_RT_Fw_hs TAACCCGGTACTCCGTGACT 
Socs1_RT_Rv_hs GCGCCCCCACTTAATGCT 
BCL3 BCL3_FW_RT_hs ACACCCCCTTTCTGCTGAC 
BCL3_RV_RT_hs TACCCTGCACCACAGCAATA 
TNAIP3 TNFAIP3_FW_RT_hs GGACTTTGCGAAAGGATCGC 
TNFAIP3_RV_RT_hs GTGCTCTCCAACACCTCTCC 




Table S3. GO groups (biological processes) enriched in the ST- population of human 
BJ-5ta fibroblasts exposed to S. Typhimurium (*) 
 










        
POSITIVE_REGULATION_OF_IMMUNE_SYSTEM_PRO
CESS(3) 
587 -0,16 -32116618 0,00 0,00 0,00 5275 
RESPONSE_TO_INORGANIC_SUBSTANCE(4) 166 -0,24 -30948772 0,00 0,00 0,00 4160 
IMMUNE_RESPONSE_ACTIVATING_SIGNAL_TRANS
DUCTION(4) 
315 -0,18 -30310528 0,00 0,00 0,00 5275 
RESPONSE_TO_BIOTIC_STIMULUS(3) 416 -0,17 -30265448 0,00 0,00 0,00 2745 
I_KAPPAB_KINASE_NF_KAPPAB_SIGNALING(6) 193 -0,21 -29904346 0,00 1554,94 0,00 3128 
PEPTIDE_TRANSPORT(5) 182 -0,23 -29750714 0,00 1295,78 0,00 4040 
REGULATION_OF_IMMUNE_RESPONSE(4) 644 -0,15 -29745357 0,00 11106,68 0,00 5201 
IMMUNE_RESPONSE_REGULATING_SIGNALING_PA
THWAY(5) 
417 -0,16 -29602456 0,00 97,18 0,00 5275 
REGULATION_OF_PROTEIN_LOCALIZATION_TO_N
UCLEUS(6) 
122 -0,25 -29530125 0,00 777,47 0,00 4908 
REGULATION_OF_I_KAPPAB_KINASE_NF_KAPPAB_S
IGNALING(6) 
183 -0,22 -29498036 0,00 64,79 0,00 3128 
POSITIVE_REGULATION_OF_IMMUNE_RESPONSE(4) 432 -0,16 -29340765 0,00 59,81 0,00 5275 
RESPONSE_TO_OTHER_ORGANISM(3)&RESPONSE_T
O_EXTERNAL_BIOTIC_STIMULUS(4) 
397 -0,16 -29339545 0,00 555,33 0,00 2745 
MYD88_INDEPENDENT_TOLL_LIKE_RECEPTOR_SIG
NALING_PATHWAY(8) 
79 -0,30 -29044912 0,00 518,31 0,00 5790 
FC_RECEPTOR_SIGNALING_PATHWAY(7) 215 -0,20 -29017584 0,00 96,41 0,00 4074 
AMIDE_TRANSPORT(4) 189 -0,21 -28916059 0,00 856,98 0,00 4040 
TOLL_LIKE_RECEPTOR_4_SIGNALING_PATHWAY(8) 106 -0,27 -28877025 0,00 81,19 0,00 7364 
REGULATION_OF_TRANSCRIPTION_FACTOR_IMPO
RT_INTO_NUCLEUS(7) 
60 -0,33 -28681026 0,00 1467,66 0,00 2471 
REGULATION_OF_PROTEIN_IMPORT_INTO_NUCLE
US(6) 
111 -0,25 -28632498 0,00 1340,03 0,00 4908 
TRANSCRIPTION_FACTOR_IMPORT_INTO_NUCLEU
S(6) 
61 -0,33 -28533735 0,00 1,28 0,00 2471 
REGULATION_OF_NF_KAPPAB_IMPORT_INTO_NUC
LEUS(6)&NF_KAPPAB_IMPORT_INTO_NUCLEUS(6) 
26 -0,49 -28372405 0,00 1232,83 0,00 3855 
TRIF_DEPENDENT_TOLL_LIKE_RECEPTOR_SIGNALI
NG_PATHWAY(9) 




71 -0,31 -27901947 0,00 1712,89 0,01 7364 
REGULATION_OF_NUCLEOCYTOPLASMIC_TRANSP
ORT(7) 
136 -0,23 -27734303 0,00 2213,32 0,01 4908 
INFLAMMATORY_RESPONSE(5) 248 -0,18 -27466052 0,00 3894,54 0,02 5703 
LEUKOCYTE_ACTIVATION(3) 354 -0,16 -27332134 0,00 3895,59 0,02 5215 




65 -0,30 -27094316 0,00 5200,92 0,02 7364 
IMMUNE_RESPONSE_REGULATING_CELL_SURFACE
_RECEPTOR_SIGNALING_PATHWAY(6) 
293 -0,17 -27044978 0,00 526,48 0,03 4074 
NEGATIVE_REGULATION_OF_CELL_PROLIFERATIO
N(4) 




158 -0,21 -26734931 0,00 8185,42 0,04 4908 
POSITIVE_REGULATION_OF_NF_KAPPAB_IMPORT_I
NTO_NUCLEUS(7) 
15 -0,58 -26723928 0,00 8368,01 0,04 3855 
REACTIVE_OXYGEN_SPECIES_METABOLIC_PROCES
S(4) 
151 -0,21 -26632378 0,00 891,01 0,05 5831 
VASCULAR_ENDOTHELIAL_GROWTH_FACTOR_RE
CEPTOR_SIGNALING_PATHWAY(8) 
114 -0,23 -26578677 0,00 94,33 0,05 3618 
EXTRINSIC_APOPTOTIC_SIGNALING_PATHWAY(6) 140 -0,22 -26556745 0,00 921,86 0,05 3782 
CELL_CYCLE_DNA_REPLICATION(5) 39 -0,37 -26545393 0,00 901,38 0,05 5604 
Supplementary information 
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NEURON_PROJECTION_DEVELOPMENT(5) 550 -0,14 -26527898 0,00 863,02 0,05 4581 
MYD88_DEPENDENT_TOLL_LIKE_RECEPTOR_SIGNA
LING_PATHWAY(8) 
80 -0,27 -26527874 0,00 8450,42 0,05 7364 
RESPONSE_TO_LIPOPOLYSACCHARIDE(5) 98 -0,25 -26424687 0,00 886,52 0,06 5803 
CELLULAR_RESPONSE_TO_LIPOPOLYSACCHARIDE(
6) 
68 -0,29 -26403143 0,00 8530,67 0,06 3537 
REGULATION_OF_PEPTIDE_TRANSPORT(5) 153 -0,21 -26355257 0,00 90,99 0,06 4040 
TOLL_LIKE_RECEPTOR_9_SIGNALING_PATHWAY(8) 74 -0,27 -26099262 0,00 0,00 0,08 7364 
PEPTIDYL_SERINE_MODIFICATION(8) 137 -0,21 -26079214 0,00 0,00 0,08 5649 
NUCLEAR_IMPORT(8) 160 -0,20 -25908916 0,00 0,00 0,09 4908 
NEURON_PROJECTION_GUIDANCE(5)&AXON_GUI
DANCE(6) 
326 -0,16 -25854127 0,00 0,00 0,10 4910 
POSITIVE_REGULATION_OF_PROTEIN_IMPORT_INT
O_NUCLEUS(5) 
65 -0,29 -25801995 0,00 0,00 0,10 4908 
LYMPHOCYTE_AGGREGATION(7) 222 -0,18 -25755687 0,00 0,00 0,10 5215 
POSITIVE_REGULATION_OF_NUCLEOCYTOPLASMI
C_TRANSPORT(6) 
76 -0,28 -25684357 0,00 0,00 0,11 4908 




41 -0,36 -25600283 0,00 0,00 0,12 3761 
T_CELL_ACTIVATION(5)&T_CELL_AGGREGATION(8) 221 -0,18 -25555518 0,00 0,00 0,12 5215 
ACTIVATION_OF_JUN_KINASE_ACTIVITY(8) 21 -0,49 -25531466 0,00 0,00 0,12 4386 
REGULATION_OF_CELL_ACTIVATION(4) 260 -0,16 -25451689 0,00 0,00 0,13 5161 
POSITIVE_REGULATION_OF_PROTEIN_LOCALIZATI
ON_TO_NUCLEUS(4) 
71 -0,27 -25437303 0,00 0,00 0,13 4908 
LYMPHOCYTE_ACTIVATION(4) 296 -0,16 -25420115 0,00 0,00 0,13 5215 
CELLULAR_RESPONSE_TO_INTERFERON_GAMMA(6) 100 -0,24 -25385246 0,00 0,00 0,13 2663 
LEUKOCYTE_AGGREGATION(6) 228 -0,17 -25327547 0,00 0,00 0,14 5215 
ACTIVATION_OF_MAPK_ACTIVITY(8) 94 -0,24 -25325024 0,00 0,00 0,14 4442 
INNATE_IMMUNE_RESPONSE_ACTIVATING_SIGNAL
_TRANSDUCTION(5) 
164 -0,19 -25197198 0,00 0,00 0,16 7364 
REGULATION_OF_CELL_ADHESION(4) 373 -0,14 -25142424 0,00 0,00 0,17 5161 
MAPK_CASCADE(5) 449 -0,14 -25125654 0,00 0,00 0,17 5840 
RESPONSE_TO_MOLECULE_OF_BACTERIAL_ORIGI
N(5) 
111 -0,23 -25099375 0,00 0,00 0,17 5803 
NEGATIVE_REGULATION_OF_PROTEIN_LOCALIZAT
ION_TO_NUCLEUS(4) 
48 -0,32 -25062554 0,00 0,00 0,17 2471 
REGULATION_OF_LIPID_KINASE_ACTIVITY(6) 31 -0,39 -24843454 0,00 0,00 0,20 7605 
IMMUNE_EFFECTOR_PROCESS(3) 377 -0,14 -24842324 0,00 0,00 0,20 3398 
POSITIVE_REGULATION_OF_JNK_CASCADE(8) 67 -0,29 -24784405 0,00 0,00 0,21 10315 
LEUKOCYTE_CELL_CELL_ADHESION(5) 254 -0,16 -24747603 0,00 0,00 0,22 5266 
REGULATION_OF_T_CELL_ACTIVATION(6) 169 -0,19 -24730182 0,00 0,00 0,22 5161 
IMMUNE_RESPONSE_ACTIVATING_CELL_SURFACE
_RECEPTOR_SIGNALING_PATHWAY(5) 
178 -0,19 -24712842 0,00 0,00 0,22 3622 
REGULATION_OF_HOMOTYPIC_CELL_CELL_ADHES
ION(6) 
181 -0,18 -24588072 0,00 0,00 0,25 5161 
PEPTIDYL_SERINE_PHOSPHORYLATION(8) 131 -0,21 -24490604 0,00 0,00 0,27 3553 
REGULATION_OF_SECRETION(5) 365 -0,14 -24438725 0,00 0,00 0,28 4233 
POSITIVE_REGULATION_OF_DEFENSE_RESPONSE(4) 237 -0,17 -24388897 0,00 0,00 0,29 7364 
POSITIVE_REGULATION_OF_PROTEIN_SERINE_THR
EONINE_KINASE_ACTIVITY(8) 
188 -0,18 -24366553 0,00 0,00 0,29 4012 
RESPONSE_TO_INTERFERON_GAMMA(5) 116 -0,21 -24352145 0,00 0,00 0,29 2663 
PHAGOCYTOSIS(4) 142 -0,20 -24333735 0,00 0,00 0,29 4559 
CELLULAR_RESPONSE_TO_MOLECULE_OF_BACTER
IAL_ORIGIN(5) 
73 -0,26 -24203453 0,00 0,00 0,32 3537 
POSITIVE_REGULATION_OF_T_CELL_ACTIVATION(
6) 
133 -0,20 -24160402 0,00 0,00 0,33 5161 
REGULATION_OF_LYMPHOCYTE_ACTIVATION(5) 213 -0,17 -24155657 0,00 0,00 0,33 5161 
POSITIVE_REGULATION_OF_MAP_KINASE_ACTIVIT
Y(7) 
139 -0,20 -24076025 0,00 0,00 0,34 7607 
RESPONSE_TO_METAL_ION(5) 111 -0,22 -24062662 0,00 0,00 0,35 4160 
LEUKOCYTE_MIGRATION(3) 241 -0,16 -24030402 0,00 0,00 0,35 5266 
HORMONE_SECRETION(2) 173 -0,18 -23965986 0,00 0,00 0,37 4045 
POSITIVE_REGULATION_OF_LEUKOCYTE_CELL_CE
LL_ADHESION(6) 
135 -0,20 -23762808 0,00 0,00 0,41 5161 
Supplementary information !
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REGULATION_OF_INFLAMMATORY_RESPONSE(5) 128 -0,20 -23743937 0,00 0,00 0,42 7356 
ERBB_SIGNALING_PATHWAY(8) 218 -0,17 -23725483 0,00 0,00 0,43 4045 
POSTTRANSCRIPTIONAL_GENE_SILENCING(5) 35 -0,36 -23691466 0,00 0,00 0,44 4531 
REGULATION_OF_SECRETION_BY_CELL(5) 338 -0,14 -23616304 0,00 0,00 0,46 4233 
INOSITOL_LIPID_MEDIATED_SIGNALING(6)&PHOSP
HATIDYLINOSITOL_MEDIATED_SIGNALING(7) 
159 -0,18 -23592386 0,00 0,00 0,47 4045 




48 -0,31 -23550115 0,00 0,00 0,48 7329 
POSITIVE_REGULATION_OF_CELL_ACTIVATION(4) 181 -0,18 -23463202 0,00 0,00 0,50 5161 
ACTIVATION_OF_CYSTEINE_TYPE_ENDOPEPTIDASE
_ACTIVITY(7) 
77 -0,24 -23436897 0,00 0,00 0,51 4074 
NEGATIVE_REGULATION_OF_TRANSCRIPTION_FA
CTOR_IMPORT_INTO_NUCLEUS(6) 
27 -0,40 -23349967 0,00 0,00 0,53 2471 
PURINE_RIBONUCLEOSIDE_TRIPHOSPHATE_META
BOLIC_PROCESS(8) 
54 -0,29 -23341331 0,00 0,00 0,53 7038 
PURINE_RIBONUCLEOSIDE_METABOLIC_PROCESS(
7) 
100 -0,21 -23197577 0,00 0,01 0,57 7038 
REGULATION_OF_DNA_REPLICATION(6) 87 -0,23 -23091862 0,00 0,01 0,60 5376 
POSITIVE_REGULATION_OF_TRANSCRIPTION_FAC
TOR_IMPORT_INTO_NUCLEUS(6) 
36 -0,35 -23069232 0,00 0,01 0,61 3855 
REGULATION_OF_EXTRINSIC_APOPTOTIC_SIGNALI
NG_PATHWAY_IN_ABSENCE_OF_LIGAND(7) 
36 -0,34 -22981026 0,00 0,01 0,64 3761 
REGULATION_OF_JUN_KINASE_ACTIVITY(8) 44 -0,30 -22944434 0,00 0,01 0,65 4386 
REGULATION_OF_MAP_KINASE_ACTIVITY(7) 193 -0,17 -22821925 0,00 0,01 0,69 5935 
POSITIVE_REGULATION_OF_LYMPHOCYTE_ACTIVA
TION(5) 
160 -0,18 -22734025 0,00 0,01 0,71 5161 
REGULATION_OF_LEUKOCYTE_CELL_CELL_ADHES
ION(6) 
175 -0,18 -22728963 0,00 0,01 0,71 5161 
JAK_STAT_CASCADE(6) 97 -0,21 -22713761 0,00 0,01 0,71 5804 
INTERFERON_GAMMA_MEDIATED_SIGNALING_PAT
HWAY(7) 
82 -0,24 -22704551 0,00 0,01 0,71 2663 
PROTEIN_TRIMERIZATION(7) 23 -0,40 -22582097 0,00 0,01 0,75 3530 
RESPONSE_TO_TYPE_I_INTERFERON(5) 75 -0,24 -22573473 0,00 0,01 0,75 2718 
DEFENSE_RESPONSE_TO_VIRUS(4) 123 -0,20 -22544508 0,00 0,01 0,76 2994 
REGULATION_OF_MONONUCLEAR_CELL_PROLIFE
RATION(6) 
104 -0,21 -22511375 0,00 0,01 0,77 4517 
T_CELL_PROLIFERATION(6) 80 -0,23 -22490764 0,00 0,01 0,77 5185 
PROTEIN_COMPLEX_LOCALIZATION(5) 36 -0,33 -22484314 0,00 0,01 0,78 2375 
RESPONSE_TO_TUMOR_NECROSIS_FACTOR(6) 94 -0,22 -22445066 0,00 0,01 0,78 5505 
CELLULAR_RESPONSE_TO_ABIOTIC_STIMULUS(4) 171 -0,17 -22441382 0,00 0,01 0,78 6584 
EXTRACELLULAR_MATRIX_DISASSEMBLY(5) 124 -0,20 -22381678 0,00 0,01 0,79 4715 
RIBONUCLEOSIDE_TRIPHOSPHATE_METABOLIC_PR
OCESS(7) 
55 -0,28 -22359827 0,00 0,01 0,80 7038 
POSTTRANSCRIPTIONAL_GENE_SILENCING_BY_RN
A(6) 
34 -0,34 -22331102 0,00 0,01 0,80 4531 
NITROGEN_COMPOUND_TRANSPORT(5) 444 -0,12 -22325613 0,00 0,01 0,80 3929 
ATP_METABOLIC_PROCESS(8) 53 -0,28 -22321188 0,00 0,01 0,80 7038 
CELLULAR_RESPONSE_TO_UV(7) 40 -0,31 -22317588 0,00 0,01 0,80 4663 
ACTIVATION_OF_CYSTEINE_TYPE_ENDOPEPTIDASE
_ACTIVITY_INVOLVED_IN_APOPTOTIC_PROCESS(7) 
70 -0,24 -22298503 0,00 0,01 0,81 3782 
REGULATION_OF_RESPONSE_TO_WOUNDING(5) 212 -0,15 -22272284 0,00 0,01 0,81 5648 
POSITIVE_REGULATION_OF_MAPK_CASCADE(6) 285 -0,14 -22204492 0,00 0,01 0,83 5808 
VITAMIN_D_METABOLIC_PROCESS(6) 18 -0,44 -22120483 0,00 0,01 0,84 6151 
PURINE_NUCLEOSIDE_METABOLIC_PROCESS(6) 103 -0,21 -22081773 0,00 0,01 0,85 7038 
REGULATION_OF_JNK_CASCADE(7) 98 -0,21 -22055728 0,00 0,01 0,86 4143 
REGULATION_OF_LEUKOCYTE_PROLIFERATION(5) 108 -0,20 -22027915 0,00 0,01 0,86 4517 
NUCLEOTIDE_BINDING_OLIGOMERIZATION_DOM
AIN_CONTAINING_SIGNALING_PATHWAY(7) 
30 -0,36 -22013738 0,00 0,01 0,87 2769 
CELLULAR_RESPONSE_TO_MECHANICAL_STIMULU
S(5) 
45 -0,29 -22003677 0,00 0,01 0,87 2718 
REGULATION_OF_PHOSPHATIDYLINOSITOL_3_KIN
ASE_ACTIVITY(7) 
25 -0,39 -21994383 0,00 0,01 0,87 7605 
NEGATIVE_REGULATION_OF_ERBB_SIGNALING_PA
THWAY(5) 









70 -0,25 -21880703 0,00 0,01 0,90 3262 
REGULATION_OF_LYMPHOCYTE_PROLIFERATION(6
) 
103 -0,20 -21855788 0,00 0,01 0,90 4517 
LEUKOCYTE_PROLIFERATION(4) 124 -0,19 -21791525 0,00 0,01 0,91 4517 
VASCULATURE_DEVELOPMENT(5) 295 -0,13 -21593173 0,00 0,01 0,93 3631 
LIPOPOLYSACCHARIDE_MEDIATED_SIGNALING_PA
THWAY(6) 
31 -0,33 -21583414 0,00 0,01 0,93 3537 
NECROTIC_CELL_DEATH(5) 22 -0,40 -21561847 0,00 0,01 0,94 4517 
REGULATION_OF_CELL_CELL_ADHESION(5) 232 -0,14 -21547728 0,00 0,01 0,94 5161 
REGULATION_OF_T_CELL_PROLIFERATION(7) 73 -0,23 -21458468 0,00 0,01 0,95 5048 
CARDIOVASCULAR_SYSTEM_DEVELOPMENT(5)&CI
RCULATORY_SYSTEM_DEVELOPMENT(5) 
438 -0,12 -21453261 0,00 0,01 0,95 4164 
ANTIGEN_RECEPTOR_MEDIATED_SIGNALING_PAT
HWAY(6) 
114 -0,19 -21434317 0,00 0,01 0,95 3622 
TELOMERE_MAINTENANCE_VIA_TELOMERE_LENG
THENING(5) 
36 -0,31 -21362746 0,00 0,01 0,96 5604 
RESPONSE_TO_TOXIC_SUBSTANCE(4) 48 -0,27 -21245284 0,00 0,01 0,97 6426 
BLOOD_VESSEL_DEVELOPMENT(4) 286 -0,13 -21177518 0,00 0,02 0,97 3714 
EPITHELIAL_CELL_DEVELOPMENT(5) 82 -0,21 -21155794 0,00 0,02 0,97 3620 
POSITIVE_REGULATION_OF_INTERLEUKIN_12_PRO
DUCTION(5) 
18 -0,43 -21101835 0,00 0,02 0,98 3855 
RESPONSE_TO_LIPID(5) 275 -0,13 -21097362 0,00 0,02 0,98 3553 
NEGATIVE_REGULATION_OF_PROTEIN_IMPORT_IN
TO_NUCLEUS(5) 
44 -0,29 -21081736 0,00 0,02 0,98 2471 
PEPTIDE_SECRETION(5) 149 -0,16 -21062782 0,00 0,02 0,98 4040 
NUCLEAR_DNA_REPLICATION(6) 31 -0,33 -20997453 0,00 0,02 0,98 5604 
REGULATION_OF_LYMPHOCYTE_MIGRATION(5) 30 -0,34 -20967367 0,00 0,02 0,98 2745 
NEGATIVE_REGULATION_OF_EPIDERMAL_GROWT
H_FACTOR_RECEPTOR_SIGNALING_PATHWAY(6) 
39 -0,30 -20934696 0,00 0,02 0,98 3599 
CELLULAR_RESPONSE_TO_TYPE_I_INTERFERON(6)
&TYPE_I_INTERFERON_SIGNALING_PATHWAY(7) 
73 -0,23 -20851068 0,00 0,02 0,99 2718 
VIRAL_GENOME_REPLICATION(5) 73 -0,23 -20849447 0,00 0,02 0,99 5760 
ACTIVATION_OF_PROTEIN_KINASE_ACTIVITY(8) 190 -0,15 -20820215 0,00 0,02 0,99 7838 
LYMPHOCYTE_PROLIFERATION(5) 115 -0,19 -20775917 0,00 0,02 0,99 4517 
POSITIVE_REGULATION_OF_MONONUCLEAR_CELL
_PROLIFERATION(6) 
68 -0,23 -20749645 0,00 0,02 0,99 4331 
POSITIVE_REGULATION_OF_CELL_CELL_ADHESIO
N(5) 
155 -0,17 -20746999 0,00 0,02 0,99 5161 
POSITIVE_REGULATION_OF_PROTEIN_TRANSPORT(
4) 
272 -0,13 -20625193 0,00 0,02 0,99 4795 
PEPTIDE_HORMONE_SECRETION(3) 148 -0,17 -20583246 0,00 0,02 1,00 4040 
REGULATION_OF_RNA_SPLICING(6) 70 -0,23 -20577755 0,00 0,02 1,00 2862 
REGULATION_OF_LYMPHOCYTE_APOPTOTIC_PRO
CESS(8) 
28 -0,34 -20454895 0,01 0,02 1,00 7328 
RECOMBINATIONAL_REPAIR(5) 64 -0,23 -20443945 0,01 0,02 1,00 5273 
FILOPODIUM_ASSEMBLY(6) 39 -0,29 -20435379 0,01 0,02 1,00 6137 
REGULATION_OF_DOUBLE_STRAND_BREAK_REPAI
R_VIA_HOMOLOGOUS_RECOMBINATION(7) 
13 -0,49 -20289295 0,00 0,02 1,00 7268 
JNK_CASCADE(7) 128 -0,17 -20250812 0,00 0,02 1,00 4143 
POSITIVE_REGULATION_OF_TUMOR_NECROSIS_FA
CTOR_SUPERFAMILY_CYTOKINE_PRODUCTION(5) 
34 -0,31 -20183842 0,00 0,02 1,00 3855 
POSITIVE_REGULATION_OF_RNA_SPLICING(6) 15 -0,44 -20179913 0,01 0,02 1,00 1631 
POSITIVE_REGULATION_OF_LEUKOCYTE_PROLIFE
RATION(5) 




10 -0,54 -20167458 0,01 0,02 1,00 4531 
AMMONIUM_TRANSMEMBRANE_TRANSPORT(6) 17 -0,42 -20081751 0,01 0,03 1,00 6367 
CELL_SUBSTRATE_ADHESION(4) 181 -0,15 -20045624 0,00 0,03 1,00 4311 
SIGNAL_RELEASE(5) 235 -0,14 -20001645 0,00 0,03 1,00 4239 
ESTABLISHMENT_OR_MAINTENANCE_OF_CELL_PO
LARITY(4) 
79 -0,21 -19993126 0,00 0,03 1,00 2073 
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ANATOMICAL_STRUCTURE_HOMEOSTASIS(5) 181 -0,15 -19962685 0,00 0,03 1,00 5965 
NEGATIVE_REGULATION_OF_TRANSCRIPTION_BY_
COMPETITIVE_PROMOTER_BINDING(7) 
10 -0,54 -19954987 0,00 0,03 1,00 9002 
T_CELL_ACTIVATION_INVOLVED_IN_IMMUNE_RES
PONSE(6) 
36 -0,29 -19937477 0,01 0,03 1,00 5215 
REGULATION_OF_CELL_SHAPE(4) 64 -0,23 -19928869 0,00 0,03 1,00 4106 
PURINE_RIBONUCLEOTIDE_METABOLIC_PROCESS(
7) 
205 -0,14 -19906242 0,00 0,03 1,00 6631 
LIPID_LOCALIZATION(4) 178 -0,15 -19896132 0,00 0,03 1,00 6336 
SUPEROXIDE_METABOLIC_PROCESS(5) 32 -0,31 -19885123 0,00 0,03 1,00 6749 
POSITIVE_REGULATION_OF_LYMPHOCYTE_MIGRA
TION(5) 
21 -0,38 -19872296 0,01 0,03 1,00 2745 
GENE_SILENCING_BY_RNA(5) 43 -0,27 -19828606 0,00 0,03 1,00 4531 
POSITIVE_REGULATION_OF_LYMPHOCYTE_PROLIF
ERATION(6) 
67 -0,22 -19809575 0,01 0,03 1,00 4331 
POSITIVE_REGULATION_OF_STRESS_ACTIVATED_
MAPK_CASCADE(7) 
78 -0,21 -19792354 0,00 0,03 1,00 10315 
PROTEIN_SECRETION(5) 260 -0,13 -19700618 0,00 0,03 1,00 4092 
DIVALENT_INORGANIC_CATION_HOMEOSTASIS(8) 222 -0,13 -19680928 0,00 0,03 1,00 6068 
NEGATIVE_REGULATION_OF_TOR_SIGNALING(6) 19 -0,40 -19680461 0,01 0,03 1,00 3915 
NITRIC_OXIDE_METABOLIC_PROCESS(4) 49 -0,25 -19651676 0,00 0,03 1,00 3537 
INORGANIC_ANION_TRANSPORT(6) 120 -0,17 -19625951 0,00 0,03 1,00 6367 
T_CELL_RECEPTOR_SIGNALING_PATHWAY(7) 90 -0,19 -19623473 0,00 0,03 1,00 5186 
GLUCOCORTICOID_RECEPTOR_SIGNALING_PATH
WAY(8) 
11 -0,50 -19583635 0,01 0,03 1,00 4082 
MEMORY(5) 23 -0,35 -19578696 0,00 0,03 1,00 11002 
CELLULAR_RESPONSE_TO_LIGHT_STIMULUS(6) 74 -0,21 -19568989 0,00 0,03 1,00 4719 
POSITIVE_REGULATION_OF_INTERLEUKIN_10_PRO
DUCTION(5) 
15 -0,42 -19540182 0,01 0,03 1,00 5048 
REGULATION_OF_NECROTIC_CELL_DEATH(5) 10 -0,53 -19523941 0,00 0,03 1,00 4517 
CELL_PROJECTION_ASSEMBLY(5) 216 -0,13 -19500226 0,00 0,03 1,00 8561 
POSITIVE_REGULATION_OF_T_CELL_PROLIFERATI
ON(7) 
48 -0,25 -19328201 0,01 0,03 1,00 5048 
MRNA_CLEAVAGE(7) 12 -0,47 -19314737 0,01 0,03 1,00 5633 
LYMPHOCYTE_APOPTOTIC_PROCESS(9) 36 -0,29 -19290897 0,01 0,04 1,00 7328 
LYMPHOCYTE_MIGRATION(4) 43 -0,27 -19287382 0,01 0,04 1,00 5266 
REGULATION_OF_STRESS_ACTIVATED_MAPK_CAS
CADE(6) 
118 -0,17 -19285263 0,00 0,04 1,00 4143 
SENSORY_PERCEPTION_OF_LIGHT_STIMULUS(7) 83 -0,20 -19243468 0,01 0,04 1,00 7045 
ALPHA_BETA_T_CELL_PROLIFERATION(7) 12 -0,48 -19187365 0,01 0,04 1,00 3272 
REGULATION_OF_ERBB_SIGNALING_PATHWAY(5) 63 -0,22 -19164671 0,01 0,04 1,00 4663 
DOUBLE_STRAND_BREAK_REPAIR_VIA_HOMOLOG
OUS_RECOMBINATION(6) 
63 -0,22 -19125441 0,00 0,04 1,00 5273 
NECROPTOTIC_PROCESS(7) 17 -0,40 -19060727 0,01 0,04 1,00 6540 
ENDODERMAL_CELL_DIFFERENTIATION(6) 39 -0,27 -19047601 0,01 0,04 1,00 4908 
SECOND_MESSENGER_MEDIATED_SIGNALING(6) 118 -0,16 -19022653 0,01 0,04 1,00 3942 
LIPID_TRANSPORT(4) 152 -0,15 -18898749 0,01 0,04 1,00 6336 
NEGATIVE_REGULATION_OF_MULTI_ORGANISM_P
ROCESS(3) 
114 -0,17 -18844986 0,00 0,04 1,00 5250 
ALPHA_BETA_T_CELL_ACTIVATION(6) 49 -0,24 -18807943 0,01 0,04 1,00 5215 
REGULATION_OF_EPIDERMAL_GROWTH_FACTOR_
RECEPTOR_SIGNALING_PATHWAY(6) 
61 -0,22 -18777028 0,00 0,04 1,00 2193 
CELLULAR_EXTRAVASATION(4) 31 -0,30 -18743192 0,01 0,04 1,00 7562 
DNA_DUPLEX_UNWINDING(7) 38 -0,27 -18689203 0,00 0,05 1,00 7268 
BASE_EXCISION_REPAIR(5) 39 -0,26 -18680265 0,01 0,05 1,00 3673 
CELLULAR_DIVALENT_INORGANIC_CATION_HOM
EOSTASIS(8) 
210 -0,13 -18672887 0,00 0,05 1,00 3084 
PROTEIN_ACYLATION(7) 160 -0,14 -18660448 0,01 0,05 1,00 4858 
REGULATION_OF_CELL_SUBSTRATE_ADHESION(5) 94 -0,18 -18648922 0,01 0,05 1,00 4036 
POSITIVE_REGULATION_OF_PROTEIN_SECRETION(
5) 
102 -0,17 -18648331 0,00 0,05 1,00 4092 
DEFENSE_RESPONSE_TO_OTHER_ORGANISM(4) 216 -0,13 -18611741 0,00 0,05 1,00 2994 
T_CELL_APOPTOTIC_PROCESS(10) 23 -0,34 -18598408 0,00 0,05 1,00 3303 
RESPONSE_TO_ANTIBIOTIC(5) 17 -0,38 -18449177 0,01 0,05 1,00 4964 
TRANSCRIPTION_FROM_RNA_POLYMERASE_III_PR
OMOTER(7) 





119 -0,16 -18369268 0,01 0,05 1,00 4143 
RESPONSE_TO_MECHANICAL_STIMULUS(4) 69 -0,20 -18348047 0,00 0,05 1,00 1528 
REGULATION_OF_TRANSMEMBRANE_TRANSPORT(
4) 
181 -0,14 -18327597 0,00 0,05 1,00 4435 
NUCLEOSIDE_TRIPHOSPHATE_METABOLIC_PROCE
SS(6) 
69 -0,20 -18205357 0,01 0,05 1,00 7038 
CELLULAR_CALCIUM_ION_HOMEOSTASIS(9) 197 -0,13 -18106445 0,01 0,06 1,00 3084 




56 -0,21 -17929442 0,01 0,06 1,00 6605 
LIPID_MODIFICATION(5) 99 -0,17 -17778801 0,01 0,06 1,00 8995 
CENTRAL_NERVOUS_SYSTEM_DEVELOPMENT(5) 323 -0,11 -17761259 0,01 0,06 1,00 3635 
ORGANIC_ACID_TRANSPORT(4) 178 -0,13 -16981966 0,00 0,08 1,00 7237 
ACTIVATION_OF_IMMUNE_RESPONSE(3) 361 -0,17 -2956177 0,00 86,39 0,00 5275 
NEGATIVE_REGULATION_OF_I_KAPPAB_KINASE_N
F_KAPPAB_SIGNALING(6) 
36 -0,45 -2951922 0,00 70,68 0,00 2464 
RESPONSE_TO_VIRUS(4) 205 -0,20 -2894727 0,00 9,07 0,00 2994 
DNA_REPLICATION(6) 205 -0,21 -2882503 0,00 1158,07 0,00 5618 
PROTEIN_LOCALIZATION_TO_NUCLEUS(7) 200 -0,20 -2864037 0,00 1400,95 0,00 4908 
TOLL_LIKE_RECEPTOR_2_SIGNALING_PATHWAY(8) 76 -0,29 -2755709 0,00 3211,10 0,01 7364 
POSITIVE_REGULATION_OF_NF_KAPPAB_TRANSCRI
PTION_FACTOR_ACTIVITY(4) 
114 -0,25 -2743882 0,00 4021,26 0,02 4012 
REGULATION_OF_DEFENSE_RESPONSE(5) 402 -0,16 -2732266 0,00 3777,55 0,02 7364 
TOLL_LIKE_RECEPTOR_SIGNALING_PATHWAY(7) 136 -0,22 -2718564 0,00 4673,47 0,02 5790 
TAXIS(3)&CHEMOTAXIS(4) 515 -0,14 -2690869 0,00 6977,04 0,03 4257 
CELL_PART_MORPHOGENESIS(5) 585 -0,13 -2653464 0,00 881,78 0,05 4588 
NEURON_PROJECTION_MORPHOGENESIS(6) 448 -0,15 -2646986 0,00 875,05 0,06 4581 
PROTEIN_IMPORT(4) 188 -0,20 -2644582 0,00 9042,51 0,06 2885 
CELL_MORPHOGENESIS_INVOLVED_IN_NEURON_
DIFFERENTIATION(6) 
434 -0,15 -2641008 0,00 869,47 0,06 4581 
CYTOKINE_MEDIATED_SIGNALING_PATHWAY(6) 325 -0,16 -2618919 0,00 0,00 0,07 5251 
DNA_DEPENDENT_DNA_REPLICATION(7) 90 -0,26 -2605875 0,00 0,00 0,08 5618 
CELLULAR_RESPONSE_TO_BIOTIC_STIMULUS(4) 85 -0,26 -2582355 0,00 0,00 0,10 3537 
NEURON_DEVELOPMENT(5) 586 -0,13 -2573492 0,00 0,00 0,11 4581 
REGULATION_OF_LEUKOCYTE_ACTIVATION(4) 238 -0,17 -2571116 0,00 0,00 0,11 4559 
SIGNAL_TRANSDUCTION_BY_PHOSPHORYLATION(
4) 
452 -0,14 -2570871 0,00 0,00 0,11 5840 
PATTERN_RECOGNITION_RECEPTOR_SIGNALING_
PATHWAY(6) 
162 -0,19 -2552852 0,00 0,00 0,12 7364 




185 -0,18 -2523845 0,00 0,00 0,15 4036 
REGULATION_OF_INNATE_IMMUNE_RESPONSE(5) 252 -0,16 -2515118 0,00 0,00 0,16 7364 
POSITIVE_REGULATION_OF_JUN_KINASE_ACTIVIT
Y(8) 
37 -0,36 -2503423 0,00 0,00 0,18 4386 
ACTIVATION_OF_INNATE_IMMUNE_RESPONSE(4) 172 -0,19 -2469146 0,00 0,00 0,23 7364 
POSITIVE_REGULATION_OF_SECRETION(4) 174 -0,19 -2451868 0,00 0,00 0,27 4233 
ZYMOGEN_ACTIVATION(6) 93 -0,23 -2428037 0,00 0,00 0,31 4074 
REGULATION_OF_RESPONSE_TO_EXTERNAL_STIM
ULUS(4) 
428 -0,13 -2408071 0,00 0,00 0,34 3708 
POSITIVE_REGULATION_OF_HOMOTYPIC_CELL_CE
LL_ADHESION(6) 
136 -0,19 -2359422 0,00 0,00 0,47 5161 
DEPHOSPHORYLATION(6) 264 -0,15 -2351411 0,00 0,00 0,48 5025 
REGULATION_OF_HORMONE_SECRETION(3) 153 -0,18 -2342904 0,00 0,00 0,51 4045 
NEGATIVE_REGULATION_OF_NF_KAPPAB_IMPORT_
INTO_NUCLEUS(7) 
14 -0,53 -2329808 0,00 0,00 0,55 2375 
EPIDERMAL_GROWTH_FACTOR_RECEPTOR_SIGNA
LING_PATHWAY(9) 
213 -0,17 -2324846 0,00 0,00 0,56 4045 
HORMONE_TRANSPORT(4) 176 -0,18 -2286075 0,00 0,01 0,68 4045 
POSITIVE_REGULATION_OF_SECRETION_BY_CELL(
4) 
159 -0,18 -2279967 0,00 0,01 0,69 4233 
REGULATION_OF_MAPK_CASCADE(6) 397 -0,13 -2207743 0,00 0,01 0,85 5828 





59 -0,26 -2200765 0,00 0,01 0,87 2891 
POSITIVE_REGULATION_OF_CYTOKINE_PRODUCTI
ON(4) 
263 -0,14 -2196171 0,00 0,01 0,88 5329 
FC_RECEPTOR_MEDIATED_STIMULATORY_SIGNALI
NG_PATHWAY(6) 
72 -0,24 -2165479 0,00 0,01 0,93 3262 
FATTY_ACID_TRANSPORT(5) 50 -0,27 -2157498 0,00 0,01 0,93 4301 
LIPID_PHOSPHORYLATION(6) 12 -0,53 -2146456 0,00 0,01 0,95 3614 
REGULATION_OF_PROTEIN_SECRETION(6) 224 -0,15 -2140082 0,00 0,01 0,96 4092 
MONONUCLEAR_CELL_PROLIFERATION(5) 116 -0,19 -2133185 0,00 0,01 0,96 4517 
DNA_RECOMBINATION(6) 139 -0,17 -2116711 0,00 0,02 0,97 5604 
PHOSPHATIDYLINOSITOL_3_KINASE_SIGNALING(8) 72 -0,23 -2115988 0,00 0,02 0,97 3718 
PURINE_NUCLEOSIDE_TRIPHOSPHATE_METABOLI
C_PROCESS(7) 
58 -0,25 -2107098 0,00 0,02 0,98 7038 
POSITIVE_REGULATION_OF_LIPID_KINASE_ACTIVI
TY(5) 
22 -0,39 -2103597 0,00 0,02 0,98 7605 
NUCLEOSIDE_METABOLIC_PROCESS(5) 144 -0,17 -2077893 0,00 0,02 0,99 6875 
RESPONSE_TO_BACTERIUM(4) 206 -0,14 -2058078 0,00 0,02 1,00 2551 
RESPONSE_TO_CALCIUM_ION(6) 63 -0,23 -2055852 0,00 0,02 1,00 3772 
CELLULAR_RESPONSE_TO_EXTERNAL_STIMULUS(4) 160 -0,16 -2049074 0,00 0,02 1,00 4040 
REGULATION_OF_DNA_DEPENDENT_DNA_REPLIC
ATION(7) 
25 -0,36 -2048767 0,00 0,02 1,00 8892 
INTRACELLULAR_ESTROGEN_RECEPTOR_SIGNALI
NG_PATHWAY(7) 
32 -0,32 -2042705 0,01 0,02 1,00 9272 
RIBONUCLEOSIDE_METABOLIC_PROCESS(6) 114 -0,18 -2038779 0,00 0,02 1,00 6631 
ANION_TRANSMEMBRANE_TRANSPORT(6) 118 -0,18 -2026498 0,00 0,02 1,00 7237 
ANGIOGENESIS(4) 225 -0,14 -2022904 0,00 0,02 1,00 4418 
T_CELL_DIFFERENTIATION(6) 82 -0,21 -2018351 0,01 0,02 1,00 5215 
ANION_TRANSPORT(5) 361 -0,12 -2009734 0,00 0,03 1,00 6772 
MUSCLE_CELL_PROLIFERATION(4) 59 -0,24 -1996956 0,00 0,03 1,00 4912 
GENE_SILENCING_BY_MIRNA(7) 32 -0,32 -1994673 0,01 0,03 1,00 4531 
REGULATION_OF_TUMOR_NECROSIS_FACTOR_SU
PERFAMILY_CYTOKINE_PRODUCTION(5) 
62 -0,22 -1922151 0,00 0,04 1,00 4092 
REGULATION_OF_INTRACELLULAR_ESTROGEN_RE
CEPTOR_SIGNALING_PATHWAY(6) 
21 -0,35 -1897373 0,01 0,04 1,00 9272 
CELLULAR_RESPONSE_TO_TUMOR_NECROSIS_FAC
TOR(7) 
79 -0,19 -1847886 0,01 0,05 1,00 5146 
SMOOTH_MUSCLE_CELL_PROLIFERATION(5) 38 -0,26 -1837627 0,00 0,05 1,00 4912 
TOR_SIGNALING(6) 53 -0,22 -1803942 0,00 0,06 1,00 4302 
REGULATION_OF_PEPTIDE_SECRETION(6) 127 -0,15 -1785835 0,01 0,06 1,00 4040 
POSITIVE_REGULATION_OF_LEUKOCYTE_ACTIVAT
ION(4) 
174 -0,18 -240473 0,00 0,00 0,35 5161 
SINGLE_ORGANISMAL_CELL_CELL_ADHESION(4) 398 -0,14 -240154 0,00 0,00 0,36 5266 
POSITIVE_REGULATION_OF_INNATE_IMMUNE_RES
PONSE(5) 
200 -0,17 -238417 0,00 0,00 0,40 7364 
MITOTIC_RECOMBINATION(7) 34 -0,31 -200199 0,01 0,03 1,00 5604 
SYNAPSE_ORGANIZATION(4) 81 -0,20 -197232 0,00 0,03 1,00 4386 
REGULATION_OF_PEPTIDE_HORMONE_SECRETION
(4) 
126 -0,15 -177885 0,01 0,06 1,00 4040 
POSITIVE_REGULATION_OF_CATENIN_IMPORT_IN
TO_NUCLEUS(6) 











Table S4. GO groups (biological processes) enriched in the ST+population of human 
BJ-5ta fibroblasts exposed to S. Typhimurium (*) 
 









        
CARBOXYLIC_ACID_METABOLIC_PROCESS(6) 627 0,19 35003 0,00 0,00 0,00 3763 
CELLULAR_LIPID_CATABOLIC_PROCESS(5) 114 0,21 226831 0,00 0,00 0,75 2646 
NUCLEAR_DIVISION(5) 259 0,17 248243 0,00 59,29 0,22 6028 
NEGATIVE_REGULATION_OF_CYTOKINE_PRODUC
TION(4) 
143 0,23 273407 0,00 1016,05 0,03 4639 
AMINE_METABOLIC_PROCESS(5) 172 0,22 275714 0,00 919,91 0,03 3632 
POSITIVE_REGULATION_OF_PHOSPHORYLATION(7) 618 0,15 278693 0,00 64,88 0,02 4765 
ESTABLISHMENT_OF_PROTEIN_LOCALIZATION_TO
_MITOCHONDRION(6) 
149 0,24 281315 0,00 498,38 0,02 2581 
NEGATIVE_REGULATION_OF_CYSTEINE_TYPE_END
OPEPTIDASE_ACTIVITY(8) 




118 0,28 302014 0,00 4,33 0,00 3500 
POSITIVE_REGULATION_OF_CELL_CYCLE(4) 228 0,25 342059 0,00 0,00 0,00 3500 
CELLULAR_RESPONSE_TO_GROWTH_FACTOR_STI
MULUS(6) 
549 0,19 343218 0,00 0,00 0,00 4846 
REGULATION_OF_PROTEASOMAL_UBIQUITIN_DEP
ENDENT_PROTEIN_CATABOLIC_PROCESS(8) 
109 0,35 362807 0,00 0,00 0,00 2569 
DNA_DAMAGE_RESPONSE_SIGNAL_TRANSDUCTIO
N_BY_P53_CLASS_MEDIATOR(7) 
105 0,36 381097 0,00 0,00 0,00 3500 
NEGATIVE_REGULATION_OF_MITOTIC_CELL_CYCL
E(5) 
186 0,30 382157 0,00 0,00 0,00 3531 
PROTEIN_COMPLEX_DISASSEMBLY(6) 245 0,32 453443 0,00 0,00 0,00 4889 
CELLULAR_NITROGEN_COMPOUND_CATABOLIC_P
ROCESS(5) 
377 0,30 476595 0,00 0,00 0,00 4383 
NEGATIVE_REGULATION_OF_CELL_CYCLE(4) 373 0,29 482139 0,00 0,00 0,00 4118 
REGULATION_OF_NATURAL_KILLER_CELL_MEDIA
TED_IMMUNITY(6) 
23 0,35 1950384 0,00 0,02 1,00 7759 
NEGATIVE_REGULATION_OF_OXIDATIVE_STRESS_I
NDUCED_CELL_DEATH(5) 




114 0,19 2088971 0,00 0,01 0,99 4947 
POSITIVE_REGULATION_OF_FAT_CELL_DIFFERENTI
ATION(5) 
28 0,36 2104843 0,00 0,01 0,99 4872 
CELLULAR_RESPONSE_TO_KETONE(6) 16 0,47 2110695 0,00 0,01 0,99 1387 
GOLGI_ORGANIZATION(4) 63 0,26 2149447 0,00 0,01 0,96 3167 
NEGATIVE_REGULATION_OF_DEVELOPMENTAL_PR
OCESS(3) 
455 0,13 2150494 0,00 0,01 0,96 5030 
REGULATION_OF_CELLULAR_RESPONSE_TO_GRO
WTH_FACTOR_STIMULUS(4) 
126 0,19 2150872 0,00 0,01 0,96 4628 
REGULATION_OF_DNA_METABOLIC_PROCESS(5) 194 0,16 2156425 0,00 0,01 0,95 5293 
ERYTHROCYTE_DIFFERENTIATION(5) 44 0,30 2159341 0,00 0,01 0,95 3479 
TRANSCRIPTION_ELONGATION_FROM_RNA_POLY
MERASE_I_PROMOTER(8) 
27 0,37 2177336 0,00 0,00 0,93 2262 
ACTOMYOSIN_STRUCTURE_ORGANIZATION(6) 88 0,23 2178362 0,00 0,00 0,93 4522 
NOTCH_SIGNALING_PATHWAY(6) 108 0,21 2181511 0,00 0,00 0,93 1897 
REGULATION_OF_CHROMATIN_MODIFICATION(6) 74 0,24 2195299 0,00 0,00 0,91 4691 
POSITIVE_REGULATION_OF_MITOTIC_CELL_CYCLE
(5) 




59 0,27 2203858 0,00 0,00 0,90 2569 
REGULATION_OF_METAPHASE_ANAPHASE_TRANSI
TION_OF_CELL_CYCLE(7) 
50 0,29 2205658 0,00 0,00 0,89 2569 
NEGATIVE_REGULATION_OF_IMMUNE_SYSTEM_PR
OCESS(3) 
201 0,17 2219205 0,00 0,00 0,87 6203 





82 0,23 2225963 0,00 0,00 0,85 5027 
BLOOD_CIRCULATION(6) 241 0,16 2233054 0,00 0,00 0,84 8372 
NEGATIVE_REGULATION_OF_CELL_DIFFERENTIATI
ON(4) 




76 0,25 2254803 0,00 0,00 0,78 4115 
RESPONSE_TO_DECREASED_OXYGEN_LEVELS(5) 131 0,20 2255864 0,00 0,00 0,78 3240 
ERYTHROCYTE_HOMEOSTASIS(4) 47 0,30 2267834 0,00 0,00 0,75 3479 
LOCALIZATION_WITHIN_MEMBRANE(4) 39 0,34 2276203 0,00 0,00 0,74 3030 
MAINTENANCE_OF_PROTEIN_LOCATION_IN_CELL(
5) 
83 0,25 2289916 0,00 0,00 0,70 4593 
MITOTIC_SISTER_CHROMATID_SEPARATION(6) 52 0,30 2298601 0,00 0,00 0,68 2569 
NEGATIVE_REGULATION_OF_DEFENSE_RESPONSE(
4) 
68 0,27 2304404 0,00 0,00 0,65 4649 
MAINTENANCE_OF_PROTEIN_LOCATION(4) 88 0,24 2307252 0,00 0,00 0,65 4593 
PROTEIN_HETEROTETRAMERIZATION(8) 28 0,40 2326027 0,00 0,00 0,59 4836 
NEGATIVE_REGULATION_OF_CELL_DIVISION(4) 62 0,28 2349121 0,00 0,00 0,51 3291 
MRNA_TRANSPORT(6) 67 0,27 2350731 0,00 0,00 0,51 6481 




180 0,19 2354345 0,00 0,00 0,50 3451 
CHROMOSOME_SEPARATION(5) 59 0,29 2367099 0,00 0,00 0,46 2569 
APOPTOTIC_MITOCHONDRIAL_CHANGES(5) 90 0,25 2384194 0,00 0,00 0,42 2292 
NEGATIVE_REGULATION_OF_MRNA_METABOLIC_P
ROCESS(6) 
26 0,43 2395085 0,00 0,00 0,38 4762 
METAPHASE_ANAPHASE_TRANSITION_OF_MITOTIC
_CELL_CYCLE(5) 
50 0,31 2419438 0,00 903,93 0,32 2569 
TRANSCRIPTION_ELONGATION_FROM_RNA_POLY
MERASE_II_PROMOTER(8) 
81 0,26 2426259 0,00 8700,22 0,31 3186 
NUCLEOBASE_METABOLIC_PROCESS(5) 56 0,31 2431595 0,00 8270,13 0,30 2836 
NEURON_APOPTOTIC_PROCESS(6) 86 0,25 2434382 0,00 808,88 0,29 7007 
RIBOSOMAL_LARGE_SUBUNIT_BIOGENESIS(5) 11 0,64 2451341 0,00 7297,55 0,26 2447 
MONOCARBOXYLIC_ACID_METABOLIC_PROCESS(7) 339 0,16 2457052 0,00 700,55 0,25 2543 
REGULATION_OF_NEURON_DEATH(5) 105 0,24 2457347 0,00 7,00 0,25 7007 
ACTIN_FILAMENT_BASED_PROCESS(4) 396 0,15 2462856 0,00 666,68 0,24 4169 
POSITIVE_REGULATION_OF_TRANSPORT(3) 572 0,13 2484655 0,00 5792,27 0,21 4203 
REGULATION_OF_CELL_DEVELOPMENT(5) 345 0,16 2487369 0,00 574,14 0,21 5017 
REGULATION_OF_RESPONSE_TO_DNA_DAMAGE_S
TIMULUS(5) 
109 0,23 2503485 0,00 499,47 0,18 5293 
POSITIVE_REGULATION_OF_CELL_DIFFERENTIATI
ON(4) 
418 0,15 2515233 0,00 4527,19 0,16 4872 
RESPONSE_TO_REACTIVE_OXYGEN_SPECIES(5) 96 0,26 2525008 0,00 418,17 0,15 3196 
POSITIVE_REGULATION_OF_MULTI_ORGANISM_PR
OCESS(3) 
123 0,23 2558228 0,00 3290,80 0,12 3097 
REGULATION_OF_TYPE_I_INTERFERON_PRODUCTI
ON(5)&TYPE_I_INTERFERON_PRODUCTION(5) 
104 0,25 2558251 0,00 3298,23 0,12 2909 
RECEPTOR_MEDIATED_ENDOCYTOSIS(7) 170 0,21 2579987 0,00 2934,18 0,10 4468 
REGULATION_OF_MULTI_ORGANISM_PROCESS(3) 281 0,17 2580446 0,00 291,36 0,10 4125 
PROTEIN_EXPORT_FROM_NUCLEUS(5) 39 0,38 2583325 0,00 2865,79 0,10 1612 
REGULATION_OF_MRNA_PROCESSING(6) 65 0,30 2598592 0,00 253,29 0,09 3348 
NEGATIVE_REGULATION_OF_MULTICELLULAR_OR
GANISMAL_PROCESS(3) 
535 0,14 2609203 0,00 237,63 0,08 5108 
POSITIVE_REGULATION_OF_PROTEIN_KINASE_ACT
IVITY(7) 
370 0,16 2634308 0,00 1844,43 0,06 4441 
NEGATIVE_REGULATION_OF_PROTEIN_BINDING(6) 46 0,36 2665254 0,00 1530,65 0,05 4832 
ORGANELLE_FISSION(4) 287 0,18 2681307 0,00 1468,84 0,05 3031 
ORGANELLE_LOCALIZATION(4) 218 0,20 2683658 0,00 147,61 0,05 4000 
ESTABLISHMENT_OF_RNA_LOCALIZATION(4)&RNA
_TRANSPORT(5)&NUCLEIC_ACID_TRANSPORT(7) 
81 0,29 2695599 0,00 1368,50 0,05 5285 
NUCLEAR_ENVELOPE_ORGANIZATION(4) 56 0,35 2709863 0,00 1238,53 0,04 3236 
PROTEIN_METHYLATION(5)&PROTEIN_ALKYLATIO
N(7) 
80 0,29 2717008 0,00 124,48 0,04 3196 





423 0,16 2735392 0,00 1021,33 0,03 6939 
ACTIN_CYTOSKELETON_ORGANIZATION(5) 320 0,18 2737377 0,00 96,20 0,03 4115 
HISTONE_METHYLATION(5) 64 0,32 2737641 0,00 96,45 0,03 3196 
REGULATION_OF_PROTEIN_COMPLEX_ASSEMBLY(4
) 
193 0,21 2739517 0,00 93,71 0,03 4734 
REGULATION_OF_CELLULAR_COMPONENT_BIOGE
NESIS(3) 
400 0,17 2770509 0,00 73,54 0,02 3413 
NEGATIVE_REGULATION_OF_HYDROLASE_ACTIVI
TY(5) 
228 0,20 2779614 0,00 64,35 0,02 3196 
RAS_PROTEIN_SIGNAL_TRANSDUCTION(7) 377 0,17 2799632 0,00 589,91 0,02 4143 




174 0,22 2809844 0,00 55,93 0,02 4837 
RNA_LOCALIZATION(4) 84 0,30 2816905 0,00 501,18 0,02 5285 
NUCLEOTIDE_METABOLIC_PROCESS(6) 321 0,19 2832435 0,00 406,89 0,01 4288 
POSITIVE_REGULATION_OF_PROTEIN_PHOSPHORY
LATION(7) 
525 0,16 2848091 0,00 315,59 0,01 4765 
PROTEIN_LOCALIZATION_TO_MITOCHONDRION(7) 152 0,23 2850971 0,00 31,75 0,01 2581 
CELLULAR_RESPONSE_TO_UNFOLDED_PROTEIN(6) 95 0,29 2862961 0,00 324,17 0,01 3488 
CELLULAR_CARBOHYDRATE_METABOLIC_PROCES
S(4) 
157 0,23 2885975 0,00 260,61 0,01 4299 
NUCLEAR_TRANSPORT(6) 282 0,19 2890532 0,00 261,43 0,01 4990 
ACTIVATION_OF_SIGNALING_PROTEIN_ACTIVITY_I
NVOLVED_IN_UNFOLDED_PROTEIN_RESPONSE(6) 
66 0,34 2925122 0,00 154,91 0,00 3275 
MITOCHONDRIAL_TRANSLATIONAL_INITIATION(5) 84 0,31 2939591 0,00 7,91 0,00 4889 
NEGATIVE_REGULATION_OF_GENE_EXPRESSION_E
PIGENETIC(6) 
106 0,28 2954973 0,00 40,10 0,00 3353 
REGULATION_OF_ACTIN_CYTOSKELETON_ORGAN
IZATION(5) 
159 0,24 2961868 0,00 4,08 0,00 4522 
POSITIVE_REGULATION_OF_CELLULAR_COMPONE
NT_MOVEMENT(4) 
237 0,21 2962222 0,00 4,09 0,00 5016 
NUCLEUS_ORGANIZATION(4) 90 0,30 2966271 0,00 41,07 0,00 3236 
PLASMA_MEMBRANE_ORGANIZATION(4) 162 0,25 2995043 0,00 41,79 0,00 4618 
INSULIN_RECEPTOR_SIGNALING_PATHWAY(8) 148 0,25 3005393 0,00 4,24 0,00 3909 
RESPONSE_TO_INSULIN(6) 184 0,24 3012807 0,00 4,25 0,00 4118 
CELLULAR_RESPONSE_TO_INSULIN_STIMULUS(7) 180 0,24 3013406 0,00 42,69 0,00 4118 
RESPONSE_TO_TOPOLOGICALLY_INCORRECT_PRO
TEIN(4) 
123 0,27 3025832 0,00 4,36 0,00 3275 
CELLULAR_RESPONSE_TO_PEPTIDE(6) 250 0,21 3026568 0,00 4,40 0,00 2621 
NEGATIVE_REGULATION_OF_PROTEIN_KINASE_AC
TIVITY(7) 
144 0,27 3050121 0,00 4,48 0,00 3634 
RESPONSE_TO_UNFOLDED_PROTEIN(5) 114 0,28 3052722 0,00 4,50 0,00 3275 
REGULATION_OF_CELL_MOTILITY(4) 411 0,18 3057168 0,00 4,53 0,00 5065 
RHYTHMIC_PROCESS(2) 147 0,26 3103763 0,00 4,75 0,00 4321 
REGULATION_OF_AUTOPHAGY(6) 212 0,24 3105436 0,00 4,77 0,00 3196 
NEGATIVE_REGULATION_OF_PHOSPHORYLATION(
7) 
251 0,22 3115055 0,00 4,81 0,00 3634 
REGULATION_OF_CELL_CYCLE_G1_S_PHASE_TRAN
SITION(7) 
112 0,29 3119165 0,00 4,82 0,00 3649 
POSITIVE_REGULATION_OF_TRANSCRIPTION_FRO
M_RNA_POLYMERASE_II_PROMOTER(7) 
609 0,17 3144998 0,00 0,00 0,00 4675 
NUCLEOBASE_CONTAINING_SMALL_MOLECULE_M
ETABOLIC_PROCESS(4) 
388 0,19 3155682 0,00 0,00 0,00 4288 
HISTONE_MODIFICATION(4) 290 0,21 3170319 0,00 0,00 0,00 4906 
GLUCONEOGENESIS(8) 51 0,41 3173479 0,00 0,00 0,00 4205 
RRNA_METABOLIC_PROCESS(7) 56 0,39 3180938 0,00 0,00 0,00 3161 
REGULATION_OF_TRANSLATIONAL_INITIATION(5) 48 0,43 3192028 0,00 0,00 0,00 3133 
POSITIVE_REGULATION_OF_PROGRAMMED_CELL_
DEATH(5) 
386 0,20 3197042 0,00 0,00 0,00 3221 
COFACTOR_METABOLIC_PROCESS(4) 177 0,25 3197682 0,00 0,00 0,00 3428 
NEGATIVE_REGULATION_OF_CELLULAR_COMPON
ENT_ORGANIZATION(3) 
359 0,20 3213182 0,00 0,00 0,00 3413 
POSITIVE_REGULATION_OF_CELL_DEATH(4) 403 0,19 3253013 0,00 0,00 0,00 3221 
PLATELET_ACTIVATION(5) 221 0,24 3266245 0,00 0,00 0,00 7183 





87 0,34 3308198 0,00 0,00 0,00 4618 
REGULATION_OF_PROTEIN_PROCESSING(6) 229 0,24 3311278 0,00 0,00 0,00 2650 
PROTEIN_MODIFICATION_BY_SMALL_PROTEIN_CO
NJUGATION_OR_REMOVAL(7) 




144 0,29 3405706 0,00 0,00 0,00 3650 
POSITIVE_REGULATION_OF_TRANSFERASE_ACTIVI
TY(5) 
481 0,20 3421897 0,00 0,00 0,00 3726 
DNA_METABOLIC_PROCESS(5) 632 0,19 3428339 0,00 0,00 0,00 4836 
NEGATIVE_REGULATION_OF_APOPTOTIC_SIGNALI
NG_PATHWAY(5) 
120 0,32 3463569 0,00 0,00 0,00 3196 
REGULATION_OF_PROTEIN_MODIFICATION_BY_S
MALL_PROTEIN_CONJUGATION_OR_REMOVAL(7) 
199 0,26 3487797 0,00 0,00 0,00 3671 
HEXOSE_METABOLIC_PROCESS(6) 146 0,30 3528554 0,00 0,00 0,00 4205 
WNT_SIGNALING_PATHWAY(6) 256 0,25 3547188 0,00 0,00 0,00 4963 
RIBONUCLEOPROTEIN_COMPLEX_SUBUNIT_ORGA
NIZATION(5) 




74 0,40 3583687 0,00 0,00 0,00 3500 
CARBOHYDRATE_BIOSYNTHETIC_PROCESS(5) 121 0,32 3591037 0,00 0,00 0,00 4205 
GENERATION_OF_PRECURSOR_METABOLITES_AN
D_ENERGY(4) 
341 0,23 3593559 0,00 0,00 0,00 2833 
POSITIVE_REGULATION_OF_ORGANELLE_ORGANI
ZATION(4) 
355 0,23 3631969 0,00 0,00 0,00 3196 
REGULATION_OF_INTRINSIC_APOPTOTIC_SIGNALI
NG_PATHWAY(6) 
95 0,36 3650541 0,00 0,00 0,00 2889 
NEGATIVE_REGULATION_OF_WNT_SIGNALING_PA
THWAY(5) 




86 0,38 3716816 0,00 0,00 0,00 3500 
REGULATION_OF_CELL_CYCLE_ARREST(6) 102 0,36 3746168 0,00 0,00 0,00 3500 
REGULATION_OF_TRANSFERASE_ACTIVITY(5) 676 0,20 3797298 0,00 0,00 0,00 3726 
NEGATIVE_REGULATION_OF_CELL_CYCLE_PHASE_
TRANSITION(5) 
142 0,32 3824492 0,00 0,00 0,00 3516 
REGULATION_OF_CELL_CYCLE_PHASE_TRANSITIO
N(6) 
190 0,30 3848797 0,00 0,00 0,00 2699 
NEGATIVE_REGULATION_OF_PROTEIN_UBIQUITIN
ATION(8) 
107 0,37 3861959 0,00 0,00 0,00 3671 
REGULATION_OF_MITOTIC_CELL_CYCLE(5) 311 0,26 3948551 0,00 0,00 0,00 3531 
CELLULAR_RESPONSE_TO_DNA_DAMAGE_STIMUL
US(5) 




73 0,45 4075288 0,00 0,00 0,00 3500 
ESTABLISHMENT_OF_PROTEIN_LOCALIZATION_TO
_ORGANELLE(5) 
459 0,24 4145762 0,00 0,00 0,00 2655 
RIBONUCLEOPROTEIN_COMPLEX_BIOGENESIS(4) 159 0,34 4165457 0,00 0,00 0,00 3205 
RESPONSE_TO_OXIDATIVE_STRESS(4) 189 0,32 4195436 0,00 0,00 0,00 3285 
MODIFICATION_DEPENDENT_PROTEIN_CATABOLI
C_PROCESS(7) 
346 0,28 4275132 0,00 0,00 0,00 3504 
ESTABLISHMENT_OF_PROTEIN_LOCALIZATION_TO
_ENDOPLASMIC_RETICULUM(6) 
115 0,41 4386806 0,00 0,00 0,00 4383 
POSITIVE_REGULATION_OF_CELLULAR_PROTEIN_
CATABOLIC_PROCESS(6) 
126 0,39 4395701 0,00 0,00 0,00 3500 
CELLULAR_COMPONENT_DISASSEMBLY(4) 613 0,24 4430999 0,00 0,00 0,00 3188 
REGULATION_OF_PROTEIN_CATABOLIC_PROCESS(
5) 
265 0,31 4434376 0,00 0,00 0,00 3504 
CELLULAR_PROTEIN_CATABOLIC_PROCESS(6) 406 0,27 4446315 0,00 0,00 0,00 3504 
MITOCHONDRION_ORGANIZATION(4) 547 0,25 4460847 0,00 0,00 0,00 3169 
PROTEIN_TARGETING_TO_MEMBRANE(5) 161 0,37 4508414 0,00 0,00 0,00 4644 
PROTEASOMAL_PROTEIN_CATABOLIC_PROCESS(6) 289 0,30 4538186 0,00 0,00 0,00 3504 
MITOTIC_CELL_CYCLE_PHASE_TRANSITION(6) 375 0,28 4540134 0,00 0,00 0,00 3520 
PROTEIN_LOCALIZATION_TO_MEMBRANE(4) 361 0,29 4636545 0,00 0,00 0,00 4644 
Supplementary information 
! 153 
TRANSLATIONAL_TERMINATION(7) 173 0,37 4668773 0,00 0,00 0,00 4889 
ORGANIC_CYCLIC_COMPOUND_CATABOLIC_PRO
CESS(5) 
401 0,28 4702982 0,00 0,00 0,00 4383 
VIRAL_PROCESS(4) 487 0,27 4725368 0,00 0,00 0,00 3556 
REGULATION_OF_CELLULAR_PROTEIN_CATABOLI
C_PROCESS(6) 
197 0,37 4766664 0,00 0,00 0,00 3504 
NEGATIVE_REGULATION_OF_CELLULAR_PROTEIN
_METABOLIC_PROCESS(5) 
536 0,27 4783671 0,00 0,00 0,00 3501 
NEGATIVE_REGULATION_OF_CELL_DEATH(4) 545 0,27 4794486 0,00 0,00 0,00 3532 
REGULATION_OF_PROTEOLYSIS_INVOLVED_IN_CE
LLULAR_PROTEIN_CATABOLIC_PROCESS(7) 
190 0,37 4838179 0,00 0,00 0,00 3504 
HETEROCYCLE_CATABOLIC_PROCESS(5) 376 0,30 4858541 0,00 0,00 0,00 4383 
NEGATIVE_REGULATION_OF_APOPTOTIC_PROCES
S(6) 
506 0,28 4895451 0,00 0,00 0,00 3532 
SINGLE_ORGANISM_MEMBRANE_ORGANIZATION(3
) 
566 0,27 4961082 0,00 0,00 0,00 4741 
MULTI_ORGANISM_METABOLIC_PROCESS(3) 200 0,37 5021602 0,00 0,00 0,00 4762 
REGULATION_OF_CELLULAR_CATABOLIC_PROCES
S(5) 
487 0,29 5037801 0,00 0,00 0,00 3196 
MRNA_METABOLIC_PROCESS(6) 424 0,30 5038114 0,00 0,00 0,00 4142 
VIRAL_GENE_EXPRESSION(4) 194 0,39 5086008 0,00 0,00 0,00 4762 
TRANSLATIONAL_INITIATION(4) 237 0,40 5638579 0,00 0,00 0,00 3188 
TISSUE_MORPHOGENESIS(4) 243 0,14 19512618 0,00 0,02 1,00 5131 
POSITIVE_REGULATION_OF_CELL_ADHESION(4) 226 0,14 19652809 0,00 0,02 1,00 5221 
REGULATION_OF_CIRCADIAN_RHYTHM(3) 69 0,22 19657736 0,00 0,02 1,00 3677 
INORGANIC_ION_HOMEOSTASIS(7) 340 0,13 19791301 0,00 0,01 1,00 4597 
POSITIVE_REGULATION_OF_RELEASE_OF_SEQUEST
ERED_CALCIUM_ION_INTO_CYTOSOL(5) 
20 0,39 19866811 0,00 0,01 1,00 5084 
MUSCLE_STRUCTURE_DEVELOPMENT(4) 250 0,14 19875923 0,00 0,01 1,00 8252 
REGULATION_OF_CYCLIN_DEPENDENT_PROTEIN_
SERINE_THREONINE_KINASE_ACTIVITY(5) 
67 0,23 19902874 0,00 0,01 1,00 5370 
EMBRYO_DEVELOPMENT(4) 328 0,13 20003142 0,00 0,01 1,00 5305 
NEGATIVE_REGULATION_OF_INNATE_IMMUNE_RE
SPONSE(5) 
26 0,35 20038931 0,00 0,01 1,00 6027 
REGULATION_OF_HOMEOSTATIC_PROCESS(3) 201 0,15 20344748 0,00 0,01 1,00 3501 
POSITIVE_REGULATION_OF_BINDING(5) 60 0,25 20351667 0,00 0,01 1,00 3170 
REGULATION_OF_VESICLE_MEDIATED_TRANSPOR
T(4) 
223 0,15 20394647 0,00 0,01 1,00 3020 
ORGANIC_HYDROXY_COMPOUND_METABOLIC_PR
OCESS(4) 
344 0,13 20401716 0,00 0,01 1,00 3196 
REGULATION_OF_VASCULATURE_DEVELOPMENT(
5) 
146 0,17 20431397 0,00 0,01 1,00 4831 
CHROMOSOME_LOCALIZATION(5) 41 0,29 20441403 0,00 0,01 1,00 3407 
HEMATOPOIETIC_OR_LYMPHOID_ORGAN_DEVELO
PMENT(4) 
336 0,13 20518863 0,00 0,01 1,00 5891 
MITOTIC_SPINDLE_ASSEMBLY_CHECKPOINT(7) 39 0,31 20540605 0,00 0,01 1,00 2569 
POSITIVE_REGULATION_OF_PEPTIDYL_SERINE_PH
OSPHORYLATION(8) 
52 0,27 20631008 0,00 0,01 1,00 2232 
REGULATION_OF_EARLY_ENDOSOME_TO_LATE_E
NDOSOME_TRANSPORT(5) 
12 0,51 20636806 0,00 0,01 1,00 1456 
REGULATION_OF_HEMOPOIESIS(4) 168 0,17 20654333 0,00 0,01 1,00 2681 
ACTIN_POLYMERIZATION_OR_DEPOLYMERIZATION
(7) 
97 0,21 20696127 0,00 0,01 1,00 4115 
PROTEIN_K11_LINKED_UBIQUITINATION(11) 27 0,35 20751183 0,00 0,01 1,00 2355 
CATION_HOMEOSTASIS(7) 333 0,13 20765944 0,00 0,01 1,00 4597 
NEGATIVE_REGULATION_OF_MYELOID_LEUKOCYT
E_DIFFERENTIATION(6) 
25 0,37 20783691 0,00 0,01 1,00 6203 
PURINE_CONTAINING_COMPOUND_METABOLIC_P
ROCESS(5) 
264 0,14 20819442 0,00 0,01 0,99 3001 
POLYSACCHARIDE_METABOLIC_PROCESS(5) 77 0,23 20833938 0,00 0,01 0,99 4177 
REGULATION_OF_BEHAVIOR(3) 111 0,20 20922465 0,00 0,01 0,99 6246 
CELLULAR_CHEMICAL_HOMEOSTASIS(5) 345 0,13 20964675 0,00 0,01 0,99 4039 
ANDROGEN_RECEPTOR_SIGNALING_PATHWAY(7) 38 0,31 20977054 0,00 0,01 0,99 4640 
RESPONSE_TO_OXYGEN_LEVELS(4) 134 0,19 21005557 0,00 0,01 0,99 3240 
METAL_ION_HOMEOSTASIS(8) 311 0,14 21027775 0,00 0,01 0,99 4597 
GLYCOPROTEIN_METABOLIC_PROCESS(5) 334 0,14 21036756 0,00 0,01 0,99 3030 





145 0,18 21081288 0,00 0,01 0,99 3622 
NEGATIVE_REGULATION_OF_NEURON_DEATH(5) 66 0,25 21128163 0,00 0,01 0,99 4652 
CELLULAR_METAL_ION_HOMEOSTASIS(8) 280 0,15 21185136 0,00 0,01 0,98 4039 
POSITIVE_REGULATION_OF_GTPASE_ACTIVITY(6) 239 0,15 21197884 0,00 0,01 0,98 4616 
GLYCOSYL_COMPOUND_METABOLIC_PROCESS(4) 157 0,18 21202273 0,00 0,01 0,98 4288 
RIBONUCLEOPROTEIN_COMPLEX_DISASSEMBLY(6) 10 0,57 21271484 0,00 0,01 0,97 840 
IMMUNE_SYSTEM_DEVELOPMENT(3) 355 0,13 21396015 0,00 0,01 0,96 5891 
NEGATIVE_REGULATION_OF_RNA_SPLICING(6) 18 0,43 21410308 0,00 0,01 0,96 4141 
IRON_ION_HOMEOSTASIS(10) 64 0,25 21419444 0,00 0,01 0,96 2545 
REGULATION_OF_CHROMATIN_ORGANIZATION(5) 80 0,24 21420062 0,00 0,01 0,96 4385 
CARBOHYDRATE_CATABOLIC_PROCESS(5) 77 0,24 21425323 0,00 0,01 0,96 3677 
SINGLE_ORGANISM_CARBOHYDRATE_CATABOLIC
_PROCESS(5) 
74 0,24 21432095 0,00 0,01 0,96 3677 
NEGATIVE_REGULATION_OF_NUCLEAR_DIVISION(
5) 
52 0,27 21439908 0,00 0,01 0,96 2569 
POSITIVE_REGULATION_OF_CYTOPLASMIC_TRANS
PORT(5) 
181 0,17 21443248 0,00 0,01 0,96 3162 
ACTIN_FILAMENT_POLYMERIZATION(8) 78 0,24 21467063 0,00 0,01 0,96 4115 
NEGATIVE_REGULATION_OF_EXTRINSIC_APOPTOT
IC_SIGNALING_PATHWAY(6) 
62 0,26 21600006 0,00 0,01 0,95 3162 
REGULATION_OF_DNA_BINDING(5) 52 0,28 21632173 0,00 0,01 0,95 3814 
MESENCHYMAL_CELL_DEVELOPMENT(6) 98 0,21 21656873 0,00 0,00 0,95 5088 
POSITIVE_REGULATION_OF_I_KAPPAB_KINASE_NF_
KAPPAB_SIGNALING(6) 
150 0,19 21667094 0,00 0,00 0,95 4593 
POSITIVE_REGULATION_OF_LEUKOCYTE_MEDIATE
D_CYTOTOXICITY(4) 
23 0,40 21713846 0,00 0,00 0,94 7759 
NUCLEOTIDE_BIOSYNTHETIC_PROCESS(6) 178 0,17 21715868 0,00 0,00 0,94 4199 
EXTRACELLULAR_MATRIX_ORGANIZATION(5) 298 0,15 21734662 0,00 0,00 0,94 5795 




67 0,26 21835024 0,00 0,00 0,93 2650 
ION_HOMEOSTASIS(6) 386 0,13 21837158 0,00 0,00 0,93 4597 




10 0,59 22034326 0,00 0,00 0,90 1066 
EPITHELIAL_TO_MESENCHYMAL_TRANSITION(6) 79 0,24 22140024 0,00 0,00 0,88 4960 
ALCOHOL_METABOLIC_PROCESS(5) 261 0,15 22156968 0,00 0,00 0,88 3901 
RESPONSE_TO_HYPOXIA(4) 129 0,20 22194378 0,00 0,00 0,87 3240 
CELLULAR_RESPONSE_TO_EXTRACELLULAR_STIM
ULUS(4) 
115 0,21 22212772 0,00 0,00 0,86 5024 
EXTRINSIC_APOPTOTIC_SIGNALING_PATHWAY_VI
A_DEATH_DOMAIN_RECEPTORS(7) 
50 0,29 22253776 0,00 0,00 0,85 2639 
EXTRACELLULAR_STRUCTURE_ORGANIZATION(4) 299 0,14 22254264 0,00 0,00 0,85 5795 
TRANSCRIPTION_COUPLED_NUCLEOTIDE_EXCISIO
N_REPAIR(6) 
46 0,30 22279732 0,00 0,00 0,85 1906 
POSITIVE_REGULATION_OF_CELL_DEVELOPMENT(
5) 




11 0,57 22282026 0,00 0,00 0,85 6979 
PROTEIN_DEMETHYLATION(4)&PROTEIN_DEALKYL
ATION(7) 
31 0,37 22312846 0,00 0,00 0,84 4836 
REGULATION_OF_ACTIN_FILAMENT_POLYMERIZAT
ION(6) 
66 0,26 22424555 0,00 0,00 0,82 4115 
REGULATION_OF_MEMBRANE_POTENTIAL(4) 164 0,19 22534716 0,00 0,00 0,79 8832 
REGULATION_OF_MITOTIC_METAPHASE_ANAPHAS
E_TRANSITION(6) 
49 0,30 22541418 0,00 0,00 0,79 2569 
NEGATIVE_REGULATION_OF_PROTEASOMAL_PRO
TEIN_CATABOLIC_PROCESS(6) 
62 0,26 22543156 0,00 0,00 0,78 2650 
CELLULAR_AMIDE_METABOLIC_PROCESS(5) 157 0,19 22564218 0,00 0,00 0,78 3587 
SPINDLE_ASSEMBLY_CHECKPOINT(7) 40 0,32 22614577 0,00 0,00 0,77 2569 
CELLULAR_COMPONENT_DISASSEMBLY_INVOLVED
_IN_EXECUTION_PHASE_OF_APOPTOSIS(5) 













31 0,37 22708457 0,00 0,00 0,74 3180 
REGULATION_OF_TRANSCRIPTION_FROM_RNA_PO
LYMERASE_I_PROMOTER(7) 
17 0,49 22713149 0,00 0,00 0,74 4994 
REGULATION_OF_SMALL_GTPASE_MEDIATED_SIG
NAL_TRANSDUCTION(6) 
381 0,14 22727609 0,00 0,00 0,74 4134 
MYELOID_CELL_DIFFERENTIATION(6) 179 0,18 22729964 0,00 0,00 0,74 4342 
ENERGY_RESERVE_METABOLIC_PROCESS(5) 144 0,19 22749476 0,00 0,00 0,74 2793 
RESPONSE_TO_HEAT(4) 65 0,27 22805772 0,00 0,00 0,72 4240 
CELLULAR_RESPONSE_TO_NUTRIENT_LEVELS(5) 110 0,22 22840674 0,00 0,00 0,71 5024 
DEMETHYLATION(4) 55 0,29 22881124 0,00 0,00 0,71 5907 
RAP_PROTEIN_SIGNAL_TRANSDUCTION(8) 271 0,16 22897456 0,00 0,00 0,70 4134 
CELLULAR_HOMEOSTASIS(4) 401 0,14 22914357 0,00 0,00 0,70 4039 
REGULATION_OF_BLOOD_CIRCULATION(5) 123 0,21 22917218 0,00 0,00 0,70 8372 
CELL_DEATH_IN_RESPONSE_TO_OXIDATIVE_STRES
S(5) 
41 0,33 22930205 0,00 0,00 0,70 2543 
RAC_PROTEIN_SIGNAL_TRANSDUCTION(8) 279 0,16 22943628 0,00 0,00 0,69 4134 
CELL_AGING(4) 58 0,28 22952752 0,00 0,00 0,69 2767 
ORGANONITROGEN_COMPOUND_BIOSYNTHETIC_
PROCESS(5) 
490 0,13 22958655 0,00 0,00 0,69 5815 
SMALL_MOLECULE_BIOSYNTHETIC_PROCESS(5) 283 0,16 22997828 0,00 0,00 0,67 5803 
REGULATION_OF_CELL_MORPHOGENESIS(4) 254 0,16 23062265 0,00 0,00 0,65 4432 
POSITIVE_REGULATION_OF_ACTIN_FILAMENT_BU
NDLE_ASSEMBLY(4) 
31 0,38 23063765 0,00 0,00 0,65 5607 
SECRETION_BY_CELL(4) 535 0,13 23066852 0,00 0,00 0,65 6248 
NEGATIVE_REGULATION_OF_RESPONSE_TO_ENDO
PLASMIC_RETICULUM_STRESS(4) 
22 0,44 23077242 0,00 0,00 0,65 1256 
SINGLE_ORGANISM_CELL_ADHESION(3) 433 0,14 23079076 0,00 0,00 0,65 7827 
MICROTUBULE_CYTOSKELETON_ORGANIZATION(5
) 
242 0,16 23113189 0,00 0,00 0,64 5001 
POSITIVE_REGULATION_OF_CELLULAR_COMPONE
NT_BIOGENESIS(3) 
222 0,17 23118448 0,00 0,00 0,64 4732 




27 0,39 23139827 0,00 0,00 0,63 2639 
MULTI_ORGANISM_MEMBRANE_ORGANIZATION(3) 20 0,46 23190706 0,00 0,00 0,61 4125 
POSITIVE_REGULATION_OF_STRESS_FIBER_ASSEMB
LY(5) 
27 0,40 23199296 0,00 0,00 0,61 4522 
NEURON_DIFFERENTIATION(6) 686 0,12 23210604 0,00 0,00 0,61 5742 
POSITIVE_REGULATION_OF_PEPTIDASE_ACTIVITY(
6) 
115 0,22 23215268 0,00 0,00 0,60 3196 
REGULATION_OF_NEURON_APOPTOTIC_PROCESS(
6) 
78 0,25 23231938 0,00 0,00 0,60 7007 
OSTEOBLAST_DIFFERENTIATION(5) 120 0,21 23291552 0,00 0,00 0,58 7045 
FIBROBLAST_GROWTH_FACTOR_RECEPTOR_SIGN
ALING_PATHWAY(6) 
167 0,19 23301833 0,00 0,00 0,57 3451 
NEGATIVE_REGULATION_OF_MRNA_PROCESSING(
6) 
23 0,44 23308332 0,00 0,00 0,57 3348 
MITOTIC_SISTER_CHROMATID_SEGREGATION(6) 105 0,23 23313336 0,00 0,00 0,57 3031 
CELLULAR_MODIFIED_AMINO_ACID_METABOLIC_
PROCESS(4) 
138 0,21 23317146 0,00 0,00 0,56 3763 
REGULATION_OF_SEQUENCE_SPECIFIC_DNA_BIND
ING_TRANSCRIPTION_FACTOR_ACTIVITY(4) 




13 0,56 23333838 0,00 0,00 0,56 1256 
LIPID_BIOSYNTHETIC_PROCESS(5) 456 0,14 23398087 0,00 0,00 0,54 5038 
NEGATIVE_REGULATION_OF_PROTEIN_COMPLEX_
ASSEMBLY(4) 










21 0,46 23469555 0,00 0,00 0,52 5907 
REGULATION_OF_RAC_PROTEIN_SIGNAL_TRANSD
UCTION(8) 
267 0,16 23523004 0,00 0,00 0,51 4134 
NEGATIVE_REGULATION_OF_PROTEIN_SERINE_TH
REONINE_KINASE_ACTIVITY(8) 
90 0,24 23539326 0,00 0,00 0,50 5876 
POSITIVE_REGULATION_OF_ENDOPEPTIDASE_ACTI
VITY(7) 
110 0,22 23560743 0,00 0,00 0,49 3196 
REGULATION_OF_PROTEIN_POLYMERIZATION(5) 81 0,25 23566277 0,00 0,00 0,49 4115 
PROTEIN_POLYMERIZATION(7) 115 0,22 23582413 0,00 0,00 0,49 4468 
HISTONE_H3_DEACETYLATION(6) 13 0,57 23584495 0,00 0,00 0,49 6013 
NUCLEOSIDE_PHOSPHATE_BIOSYNTHETIC_PROCE
SS(5) 
188 0,18 23585773 0,00 0,00 0,49 5815 
TRANSCRIPTION_INITIATION_FROM_RNA_POLYME
RASE_I_PROMOTER(8) 
31 0,39 23586502 0,00 0,00 0,49 2262 
ACTIVATION_OF_MAPKK_ACTIVITY(7) 39 0,34 23587985 0,00 0,00 0,49 2546 
CELLULAR_RESPONSE_TO_HYPOXIA(5) 82 0,25 23628087 0,00 0,00 0,48 3240 
NUCLEIC_ACID_PHOSPHODIESTER_BOND_HYDRO
LYSIS(6) 
135 0,21 23633122 0,00 0,00 0,48 2819 
RESPONSE_TO_ARSENIC_CONTAINING_SUBSTANC
E(4) 














269 0,16 23761606 0,00 0,00 0,44 4134 
MYELOID_CELL_HOMEOSTASIS(3) 53 0,30 23774261 0,00 0,00 0,44 3479 
REGULATION_OF_RAP_PROTEIN_SIGNAL_TRANSD
UCTION(8) 
266 0,16 23781512 0,00 0,00 0,43 4134 
NUCLEOTIDE_EXCISION_REPAIR(5) 69 0,27 23801415 0,00 0,00 0,43 3504 
CHAPERONE_MEDIATED_PROTEIN_COMPLEX_ASSE
MBLY(7) 
13 0,57 23834295 0,00 0,00 0,42 1497 
CELLULAR_ALDEHYDE_METABOLIC_PROCESS(4) 38 0,36 23835645 0,00 0,00 0,42 2163 
SECRETION(4) 581 0,13 23836992 0,00 0,00 0,42 6248 
RAB_PROTEIN_SIGNAL_TRANSDUCTION(8) 266 0,16 23843899 0,00 0,00 0,42 4134 
RESPONSE_TO_TEMPERATURE_STIMULUS(4) 78 0,26 23849423 0,00 0,00 0,42 4240 
OSSIFICATION(4) 173 0,19 23850625 0,00 0,00 0,42 4960 
PROTEIN_DNA_COMPLEX_ASSEMBLY(6) 97 0,24 23854454 0,00 0,00 0,41 3353 




51 0,30 23880086 0,00 0,00 0,40 2569 
WATER_SOLUBLE_VITAMIN_METABOLIC_PROCESS(
6) 
85 0,25 23889089 0,00 0,00 0,40 3198 
STEM_CELL_DIVISION(5) 13 0,58 23909268 0,00 0,00 0,39 6938 
RESPONSE_TO_NUTRIENT_LEVELS(5) 151 0,20 23930953 0,00 0,00 0,39 5910 
RESPONSE_TO_EXTRACELLULAR_STIMULUS(4) 159 0,19 23966508 0,00 0,00 0,38 5024 
NEGATIVE_REGULATION_OF_CELLULAR_PROTEIN
_CATABOLIC_PROCESS(6) 
71 0,27 24007332 0,00 0,00 0,37 6161 
REGULATION_OF_SPINDLE_CHECKPOINT(7) 14 0,56 24020097 0,00 0,00 0,37 6979 
REGULATION_OF_ACTIN_FILAMENT_BASED_PROC
ESS(4) 
197 0,19 24069808 0,00 993,04 0,35 4732 
CELLULAR_TRANSITION_METAL_ION_HOMEOSTAS
IS(9) 
79 0,26 24146063 0,00 9349,43 0,33 2477 
NEGATIVE_REGULATION_OF_GROWTH(3) 128 0,21 24191918 0,00 9021,79 0,32 3196 
REGULATION_OF_EXTRINSIC_APOPTOTIC_SIGNALI
NG_PATHWAY(6) 
103 0,24 24203248 0,00 900,46 0,32 3221 
Supplementary information 
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AXON_DEVELOPMENT(6) 402 0,15 24210637 0,00 8975,72 0,32 5786 
NEGATIVE_REGULATION_OF_CATABOLIC_PROCES
S(4) 
139 0,21 24223535 0,00 890,06 0,32 4487 
CARBOHYDRATE_DERIVATIVE_BIOSYNTHETIC_PR
OCESS(5) 
547 0,13 24232402 0,00 8918,09 0,32 3030 
RESPONSE_TO_UV(6) 90 0,25 24236274 0,00 8911,99 0,32 3196 
OXIDOREDUCTION_COENZYME_METABOLIC_PRO
CESS(6) 
41 0,35 24239979 0,00 890,56 0,32 3332 
AXONOGENESIS(7) 395 0,15 24242911 0,00 885,28 0,31 5786 
CELL_JUNCTION_ASSEMBLY(5) 178 0,19 24250956 0,00 8800,61 0,31 4960 
MICROTUBULE_BASED_TRANSPORT(6) 68 0,28 24277525 0,00 8622,66 0,31 3039 
CELL_SEPARATION_AFTER_CYTOKINESIS(3) 17 0,50 24283864 0,00 863,98 0,31 2813 
MRNA_EXPORT_FROM_NUCLEUS(6) 66 0,28 24288225 0,00 8633,37 0,31 6481 
POSITIVE_REGULATION_OF_APOPTOTIC_SIGNALIN
G_PATHWAY(5) 
104 0,24 24323738 0,00 8215,48 0,29 3221 
NEGATIVE_REGULATION_OF_CHROMOSOME_ORG
ANIZATION(5) 
81 0,26 24398422 0,00 791,52 0,28 2153 
REGULATION_OF_ESTABLISHMENT_OF_PROTEIN_L
OCALIZATION_TO_PLASMA_MEMBRANE(6) 
39 0,35 24413004 0,00 783,58 0,28 2460 
MAINTENANCE_OF_LOCATION(3) 209 0,18 24479766 0,00 743,56 0,27 4596 
EPITHELIUM_DEVELOPMENT(5) 472 0,14 24500988 0,00 7330,56 0,26 3516 
CELL_ACTIVATION(4) 562 0,14 24513984 0,00 731,24 0,26 4386 
POSITIVE_REGULATION_OF_KINASE_ACTIVITY(6) 387 0,15 24515266 0,00 7302,86 0,26 4441 
EXECUTION_PHASE_OF_APOPTOSIS(4) 79 0,26 24520597 0,00 722,14 0,26 2383 
POST_TRANSLATIONAL_PROTEIN_MODIFICATION(
7) 
246 0,17 24545972 0,00 708,87 0,26 3539 
POSITIVE_REGULATION_OF_REACTIVE_OXYGEN_S
PECIES_METABOLIC_PROCESS(5) 
51 0,32 24668796 0,00 6533,16 0,24 3607 
NEGATIVE_REGULATION_OF_PROTEIN_TRANSPOR
T(4) 
125 0,22 24702382 0,00 632,56 0,23 4593 
REGULATION_OF_ANATOMICAL_STRUCTURE_SIZE
(4) 
158 0,20 24758205 0,00 616,47 0,22 4468 
MITOTIC_NUCLEAR_DIVISION(5) 199 0,19 24766355 0,00 6127,20 0,22 2883 
POSITIVE_REGULATION_OF_CELL_MORPHOGENESI
S_INVOLVED_IN_DIFFERENTIATION(4) 
87 0,26 24774795 0,00 611,53 0,22 4822 




37 0,37 24867709 0,00 5729,29 0,21 1256 
DNA_TEMPLATED_TRANSCRIPTION_TERMINATION
(7) 
86 0,26 24901297 0,00 5654,05 0,20 2947 
REGULATION_OF_PROTEIN_TRANSPORT(5) 469 0,15 24913168 0,00 5614,98 0,20 4757 
MITOCHONDRIAL_MEMBRANE_ORGANIZATION(4) 71 0,28 24966986 0,00 5396,78 0,19 6131 
STRESS_FIBER_ASSEMBLY(6) 52 0,32 24973526 0,00 539,44 0,19 4522 
RESPONSE_TO_RADIATION(4) 290 0,17 24995759 0,00 5278,73 0,19 3511 
RESPONSE_TO_LIGHT_STIMULUS(5) 222 0,18 25004225 0,00 5239,40 0,19 3386 
REGULATION_OF_INTRACELLULAR_PROTEIN_TRA
NSPORT(6) 
244 0,17 25050642 0,00 495,49 0,18 2637 
VIRAL_PROTEIN_PROCESSING(5) 12 0,63 25094025 0,00 4735,37 0,17 2668 
REGULATION_OF_MITOTIC_NUCLEAR_DIVISION(6) 110 0,24 25094502 0,00 4745,60 0,17 2569 
RIBOSOME_ASSEMBLY(5) 13 0,60 25135486 0,00 4523,16 0,16 2092 
REGULATION_OF_PROTEIN_STABILITY(4) 121 0,23 25137308 0,00 4532,97 0,16 3196 
REGULATION_OF_NUCLEAR_DIVISION(5) 117 0,24 25217993 0,00 430,30 0,15 2569 
REGULATION_OF_MICROTUBULE_BASED_PROCESS
(4) 
99 0,25 25263112 0,00 4164,96 0,15 5565 
SPINDLE_CHECKPOINT(6) 46 0,34 25280137 0,00 4148,37 0,15 6161 
ORGANOPHOSPHATE_CATABOLIC_PROCESS(5) 78 0,27 25286064 0,00 4157,51 0,15 2237 
SMALL_GTPASE_MEDIATED_SIGNAL_TRANSDUCTI
ON(6) 
463 0,15 25288157 0,00 4140,32 0,15 4143 
PROTEIN_N_LINKED_GLYCOSYLATION(5) 127 0,22 25320134 0,00 3993,07 0,14 3539 
TRANSMEMBRANE_RECEPTOR_PROTEIN_SERINE_T
HREONINE_KINASE_SIGNALING_PATHWAY(7) 
222 0,18 25327556 0,00 3976,17 0,14 5016 
DNA_TEMPLATED_TRANSCRIPTION_ELONGATION(
7) 
117 0,24 25330853 0,00 3985,01 0,14 3186 
PYRIDINE_CONTAINING_COMPOUND_METABOLIC
_PROCESS(5) 
37 0,38 25397398 0,00 3755,48 0,14 3180 
REGULATION_OF_MRNA_METABOLIC_PROCESS(6) 75 0,28 25428421 0,00 3658,37 0,13 3348 
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ACTIN_FILAMENT_ORGANIZATION(6) 188 0,20 25467014 0,00 3534,07 0,13 4115 
NUCLEOSOME_ASSEMBLY(6) 78 0,28 25564144 0,00 3329,58 0,12 3353 
HOMEOSTASIS_OF_NUMBER_OF_CELLS(5) 68 0,29 25575712 0,00 3310,69 0,12 3479 
TRANSCRIPTION_INITIATION_FROM_RNA_POLYME
RASE_II_PROMOTER(8) 
192 0,20 25626085 0,00 317,08 0,11 5631 
REGULATION_OF_RAS_PROTEIN_SIGNAL_TRANSD
UCTION(7) 
300 0,17 25698304 0,00 3123,86 0,11 4134 
NUCLEOBASE_CONTAINING_COMPOUND_TRANSP
ORT(6) 
101 0,25 25715792 0,00 3130,96 0,11 5285 
PEPTIDYL_ASPARAGINE_MODIFICATION(8) 123 0,24 25783908 0,00 2947,57 0,10 3539 
REGULATION_OF_MITOCHONDRIAL_MEMBRANE_P
OTENTIAL(5) 




342 0,16 25918865 0,00 268,82 0,09 3634 
REGULATION_OF_CELL_MORPHOGENESIS_INVOLV
ED_IN_DIFFERENTIATION(5) 
164 0,21 25919929 0,00 2694,43 0,09 4931 




29 0,43 25932508 0,00 2706,96 0,09 7345 
PROTEIN_DNA_COMPLEX_SUBUNIT_ORGANIZATIO
N(5) 
123 0,23 25938814 0,00 2713,27 0,09 3353 
RNA_EXPORT_FROM_NUCLEUS(6) 73 0,29 25960033 0,00 2637,56 0,09 6481 
PROTEIN_N_LINKED_GLYCOSYLATION_VIA_ASPAR
AGINE(6) 
122 0,24 26029303 0,00 248,36 0,09 3539 
REGULATION_OF_PROTEIN_LOCALIZATION_TO_PL
ASMA_MEMBRANE(5) 
51 0,34 26103106 0,00 2353,96 0,08 6435 
REGULATION_OF_CELL_DIVISION(4) 180 0,21 26190407 0,00 213,50 0,07 3443 
REGULATION_OF_MITOCHONDRION_DEGRADATI
ON(6) 
134 0,23 26310906 0,00 185,93 0,07 3169 
GROWTH(2) 328 0,17 26312377 0,00 1863,69 0,07 3196 
PEPTIDYL_LYSINE_MODIFICATION(8) 210 0,20 26330485 0,00 1840,03 0,06 4947 
POSITIVE_REGULATION_OF_INTRACELLULAR_SIG
NAL_TRANSDUCTION(5) 
572 0,15 26366897 0,00 1763,48 0,06 4549 
CELL_MORPHOGENESIS_INVOLVED_IN_DIFFERENT
IATION(5) 
576 0,15 26435292 0,00 1654,17 0,06 5286 
MITOCHONDRIAL_TRANSLATIONAL_TERMINATIO
N(6) 
84 0,28 26607044 0,00 1515,93 0,05 4889 
NEGATIVE_REGULATION_OF_TRANSLATION(6) 55 0,34 26618845 0,00 1519,59 0,05 2574 
CHROMOSOME_SEGREGATION(4) 182 0,21 26631021 0,00 1523,26 0,05 3121 
HYDROGEN_TRANSPORT(4) 62 0,32 26633456 0,00 1526,95 0,05 2205 
DNA_CONFORMATION_CHANGE(5) 164 0,22 26671827 0,00 1534,38 0,05 3496 
CELLULAR_RESPONSE_TO_OXIDATIVE_STRESS(5) 115 0,25 26701565 0,00 1538,12 0,05 3948 
DNA_PACKAGING(4) 121 0,24 26768696 0,00 1454,48 0,05 3496 
NUCLEAR_TRANSCRIBED_MRNA_CATABOLIC_PRO
CESS_DEADENYLATION_DEPENDENT_DECAY(9) 




54 0,34 26793277 0,00 1461,62 0,05 2303 
POSITIVE_REGULATION_OF_INTRACELLULAR_TRA
NSPORT(4) 
248 0,19 26794543 0,00 1465,22 0,05 3162 
CELLULAR_PROTEIN_COMPLEX_ASSEMBLY(6) 271 0,18 26836245 0,00 147,25 0,05 4118 
RHO_PROTEIN_SIGNAL_TRANSDUCTION(8) 300 0,18 26847188 0,00 1420,45 0,05 4134 
NEGATIVE_REGULATION_OF_CELLULAR_CATABOL
IC_PROCESS(5) 
114 0,25 26907132 0,00 1365,08 0,05 4691 
FAT_CELL_DIFFERENTIATION(6) 90 0,28 26967747 0,00 1371,93 0,05 6071 
REGULATION_OF_RHO_PROTEIN_SIGNAL_TRANSD
UCTION(8) 
285 0,18 27016463 0,00 1255,94 0,04 4134 
TRANSCRIPTION_FROM_RNA_POLYMERASE_I_PRO
MOTER(7) 
46 0,37 27017283 0,00 1259,11 0,04 5070 
MITOCHONDRION_DEGRADATION(5) 141 0,23 27057478 0,00 1232,27 0,04 3169 
NEGATIVE_REGULATION_OF_TYPE_I_INTERFERON
_PRODUCTION(5) 
39 0,40 27083135 0,00 1235,39 0,04 4639 
NEUROTROPHIN_SIGNALING_PATHWAY(6) 275 0,19 27139547 0,00 1241,68 0,04 3866 
EXOCYTOSIS(5) 215 0,20 27200384 0,00 1186,38 0,04 3080 
PROTEIN_OLIGOMERIZATION(6) 235 0,19 27252235 0,00 11597,09 0,04 3348 
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POSITIVE_REGULATION_OF_CELL_MIGRATION(5) 226 0,20 27308078 0,00 10711,29 0,04 5016 
NEGATIVE_REGULATION_OF_PROTEIN_CATABOLI
C_PROCESS(5) 
92 0,27 27353468 0,00 101,87 0,03 6161 
TRANSFORMING_GROWTH_FACTOR_BETA_RECEP
TOR_SIGNALING_PATHWAY(6) 
154 0,23 27389534 0,00 93,47 0,03 4837 
CYTOKINE_PRODUCTION(4) 410 0,17 27417054 0,00 939,60 0,03 3001 
REGULATION_OF_VIRAL_TRANSCRIPTION(6) 75 0,31 27445629 0,00 94,21 0,03 4762 
POSITIVE_REGULATION_OF_CYTOSKELETON_ORG
ANIZATION(5) 
112 0,26 27454531 0,00 94,46 0,03 4522 
REGULATION_OF_PLASMA_MEMBRANE_ORGANIZA
TION(4) 
56 0,34 27483602 0,00 91,50 0,03 7089 
GRANULOCYTE_DIFFERENTIATION(8) 17 0,58 27528045 0,00 91,75 0,03 5861 
POSITIVE_REGULATION_OF_MITOCHONDRION_OR
GANIZATION(5) 
133 0,24 27699633 0,00 73,14 0,02 2356 
CELLULAR_AMINE_METABOLIC_PROCESS(5) 167 0,22 27699826 0,00 73,34 0,02 3632 
PROTEIN_TARGETING_TO_MITOCHONDRION(5) 121 0,25 27773411 0,00 67,42 0,02 2927 
REGULATION_OF_ESTABLISHMENT_OF_PROTEIN_L
OCALIZATION(5) 
523 0,16 27833261 0,00 645,28 0,02 4757 
POSITIVE_REGULATION_OF_CELL_PROLIFERATION
(4) 
444 0,16 27846158 0,00 64,70 0,02 5153 
TRNA_METABOLIC_PROCESS(7) 69 0,32 27882617 0,00 65,06 0,02 4368 
NUCLEOSOME_ORGANIZATION(5) 104 0,27 27903945 0,00 61,97 0,02 3353 
NUCLEOCYTOPLASMIC_TRANSPORT(7) 279 0,19 27991247 0,00 588,28 0,02 4990 
NEGATIVE_REGULATION_OF_TRANSPORT(3) 262 0,20 28122702 0,00 560,82 0,02 4765 
CELL_GROWTH(3) 222 0,21 28125129 0,00 529,84 0,02 3196 
RESPONSE_TO_CYTOKINE(5) 454 0,16 28141754 0,00 5,00 0,02 3252 
_DE_NOVO_PROTEIN_FOLDING(7) 43 0,40 28256235 0,00 40,23 0,01 2030 
REGULATION_OF_DNA_TEMPLATED_TRANSCRIPTI
ON_IN_RESPONSE_TO_STRESS(5) 
56 0,36 28301432 0,00 403,44 0,01 3408 
CIRCADIAN_REGULATION_OF_GENE_EXPRESSION(
4) 
51 0,36 28303828 0,00 404,58 0,01 4321 
POSITIVE_REGULATION_OF_DEVELOPMENTAL_PR
OCESS(3) 
583 0,16 28322642 0,00 40,57 0,01 4872 
NEUROTROPHIN_TRK_RECEPTOR_SIGNALING_PAT
HWAY(7) 
272 0,19 28353946 0,00 408,05 0,01 3866 
POSITIVE_REGULATION_OF_CELL_MOTILITY(4) 230 0,20 28355966 0,00 409,22 0,01 5016 
MICROTUBULE_BASED_PROCESS(4) 335 0,19 28371782 0,00 41,04 0,01 3441 
CELLULAR_RESPONSE_TO_TOPOLOGICALLY_INCO
RRECT_PROTEIN(5) 
102 0,28 28374958 0,00 41,16 0,01 3488 
POSITIVE_REGULATION_OF_VIRAL_TRANSCRIPTIO
N(6) 
54 0,36 28383956 0,00 378,65 0,01 5070 
CELL_TYPE_SPECIFIC_APOPTOTIC_PROCESS(7) 218 0,20 28407476 0,00 37,98 0,01 7195 
POSITIVE_REGULATION_OF_PROTEASOMAL_PROT
EIN_CATABOLIC_PROCESS(6) 
46 0,39 28430438 0,00 380,86 0,01 2181 
ORGANOPHOSPHATE_BIOSYNTHETIC_PROCESS(5) 399 0,17 28438842 0,00 381,97 0,01 4199 




52 0,38 28466547 0,00 314,67 0,01 3408 
RNA_3_END_PROCESSING(7) 101 0,28 28506403 0,00 31,65 0,01 2947 
REGULATION_OF_ANATOMICAL_STRUCTURE_MO
RPHOGENESIS(4) 
484 0,16 28536274 0,00 31,84 0,01 4831 
REGULATION_OF_GROWTH(3) 253 0,20 28563192 0,00 319,35 0,01 3196 
CELLULAR_RESPONSE_TO_CYTOKINE_STIMULUS(6) 405 0,17 28567266 0,00 3,20 0,01 3252 
REGULATION_OF_SYMBIOSIS_ENCOMPASSING_MU
TUALISM_THROUGH_PARASITISM(4) 
179 0,22 28609874 0,00 3,21 0,01 3566 
NCRNA_PROCESSING(7) 108 0,26 28626373 0,00 32,22 0,01 3161 
DNA_TEMPLATED_TRANSCRIPTION_INITIATION(7) 220 0,21 28626494 0,00 323,20 0,01 5631 
ATP_DEPENDENT_CHROMATIN_REMODELING(7) 69 0,33 28638043 0,00 32,52 0,01 3353 
POSITIVE_REGULATION_OF_LOCOMOTION(3) 240 0,20 28662581 0,00 326,15 0,01 5016 
RESPONSE_TO_ORGANONITROGEN_COMPOUND(4) 384 0,18 28692472 0,00 32,71 0,01 2549 
PROTEIN_LOCALIZATION_TO_PLASMA_MEMBRANE
(5) 
134 0,26 28716521 0,00 32,81 0,01 4618 
CYTOSKELETON_DEPENDENT_INTRACELLULAR_TR
ANSPORT(5) 
73 0,32 28767211 0,00 291,44 0,01 3039 
REGULATION_OF_VIRAL_PROCESS(4) 173 0,23 28787384 0,00 29,23 0,01 3097 
COENZYME_METABOLIC_PROCESS(5) 136 0,25 28793302 0,00 293,24 0,01 3428 
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VESICLE_ORGANIZATION(4) 112 0,27 28798425 0,00 294,15 0,01 3030 
ESTABLISHMENT_OF_ORGANELLE_LOCALIZATION(
4) 
169 0,23 28798916 0,00 295,06 0,01 4000 
MRNA_3_END_PROCESSING(8) 89 0,30 28843417 0,00 295,98 0,01 2947 
REGULATION_OF_CELLULAR_COMPONENT_MOVE
MENT(4) 
464 0,17 28918457 0,00 262,25 0,01 5065 
ORGANELLE_DISASSEMBLY(5) 155 0,24 28938398 0,00 263,08 0,01 3169 
REGULATION_OF_GENE_EXPRESSION_EPIGENETIC(
6) 
204 0,22 28961515 0,00 226,12 0,01 3353 
POSITIVE_REGULATION_OF_NUCLEASE_ACTIVITY(
5) 
70 0,33 28966525 0,00 226,84 0,01 3275 
POSITIVE_REGULATION_OF_TRANSLATION(6) 48 0,39 28995688 0,00 22,76 0,01 4500 
DNA_REPAIR(4) 297 0,19 29026752 0,00 22,83 0,01 3665 
REGULATION_OF_NUCLEASE_ACTIVITY(5) 77 0,32 29104996 0,00 1524,29 0,00 3275 
NEGATIVE_REGULATION_OF_KINASE_ACTIVITY(6) 154 0,24 29108906 0,00 15,29 0,00 3634 
POSITIVE_REGULATION_OF_VIRAL_PROCESS(4) 94 0,29 29135666 0,00 153,41 0,00 3097 
CYTOKINESIS(5) 106 0,28 29141316 0,00 153,91 0,00 4201 
REGULATION_OF_CYSTEINE_TYPE_ENDOPEPTIDAS
E_ACTIVITY(8) 
166 0,24 29188182 0,00 154,41 0,00 2582 
REGULATION_OF_CELL_GROWTH(4) 179 0,23 29261525 0,00 155,42 0,00 3196 
_DE_NOVO_POSTTRANSLATIONAL_PROTEIN_FOLD
ING(8) 
38 0,43 29286864 0,00 155,93 0,00 2030 
NEGATIVE_REGULATION_OF_INTRACELLULAR_SIG
NAL_TRANSDUCTION(5) 
254 0,20 29306715 0,00 156,44 0,00 1855 
CELLULAR_RESPONSE_TO_NITROGEN_COMPOUN
D(5) 
372 0,19 29360485 0,00 117,86 0,00 2632 
REGULATION_OF_LOCOMOTION(3) 447 0,17 29375756 0,00 118,25 0,00 5065 
ENDOPLASMIC_RETICULUM_UNFOLDED_PROTEIN
_RESPONSE(5) 
92 0,30 29460402 0,00 39,56 0,00 3275 
MITOCHONDRIAL_TRANSLATIONAL_ELONGATION
(6) 
84 0,31 29479127 0,00 3,97 0,00 4889 
NUCLEAR_EXPORT(8) 117 0,27 29499974 0,00 3,98 0,00 5285 
POSITIVE_REGULATION_OF_CELLULAR_PROTEIN_
LOCALIZATION(3) 
236 0,21 29531488 0,00 4,00 0,00 2356 
MACROMOLECULE_METHYLATION(4) 157 0,25 29573085 0,00 40,23 0,00 3205 
CIRCADIAN_RHYTHM(3) 125 0,27 29581137 0,00 40,37 0,00 4039 
RESPONSE_TO_NITROGEN_COMPOUND(4) 424 0,18 29615657 0,00 4,06 0,00 2654 
CELLULAR_RESPONSE_TO_OXYGEN_CONTAINING_
COMPOUND(5) 
541 0,16 29709074 0,00 4,12 0,00 5775 




154 0,25 29883673 0,00 41,50 0,00 2878 
RNA_SPLICING(7) 246 0,21 29898958 0,00 41,64 0,00 4141 
METHYLATION(3) 168 0,24 29951816 0,00 4,19 0,00 3205 
PATHOGENESIS(3) 261 0,21 29983387 0,00 4,21 0,00 4914 
MEMBRANE_BUDDING(5) 61 0,36 30021207 0,00 42,24 0,00 3030 
NEGATIVE_REGULATION_OF_BINDING(5) 78 0,34 30152228 0,00 42,85 0,00 4385 
CELLULAR_RESPONSE_TO_PEPTIDE_HORMONE_STI
MULUS(6) 
247 0,21 30173478 0,00 43,00 0,00 2621 
PLATELET_DEGRANULATION(6) 84 0,32 30178015 0,00 43,16 0,00 7150 
NUCLEOSIDE_PHOSPHATE_METABOLIC_PROCESS(5
) 
335 0,20 30233204 0,00 43,47 0,00 4288 
RESPONSE_TO_ABIOTIC_STIMULUS(3) 578 0,17 30259624 0,00 43,80 0,00 3282 
CELLULAR_RESPONSE_TO_ORGANONITROGEN_CO
MPOUND(5) 
342 0,19 30286033 0,00 4,41 0,00 2621 
ORGANOPHOSPHATE_METABOLIC_PROCESS(4) 637 0,16 30366259 0,00 44,29 0,00 3180 
POSITIVE_REGULATION_OF_CELL_CYCLE_PROCESS
(4) 
187 0,24 30399973 0,00 4,45 0,00 2702 
REGULATION_OF_CHROMOSOME_ORGANIZATION
(5) 
152 0,25 30429547 0,00 4,46 0,00 2153 
REGULATION_OF_CYTOPLASMIC_TRANSPORT(6) 291 0,21 30561898 0,00 45,13 0,00 3346 
POSITIVE_REGULATION_OF_VIRAL_LIFE_CYCLE(5) 90 0,31 30605154 0,00 45,47 0,00 3097 
SPLICEOSOMAL_SNRNP_ASSEMBLY(6) 35 0,47 30645816 0,00 4,56 0,00 3205 
POSITIVE_REGULATION_OF_HYDROLASE_ACTIVIT
Y(5) 
554 0,17 30653062 0,00 4,58 0,00 3355 






109 0,29 30795538 0,00 46,18 0,00 4929 
REGULATION_OF_CELLULAR_KETONE_METABOLI
C_PROCESS(5) 
130 0,27 30795605 0,00 46,36 0,00 4929 
AMINO_ACID_ACTIVATION(5)&TRNA_AMINOACYL
ATION(6) 
42 0,44 30874875 0,00 0,47 0,00 5223 
CHROMATIN_ASSEMBLY_OR_DISASSEMBLY(5) 116 0,28 30896592 0,00 46,73 0,00 3358 
REGULATION_OF_PROTEIN_LOCALIZATION(4) 591 0,17 30912268 0,00 4,69 0,00 4451 
REGULATION_OF_BINDING(4) 149 0,26 30953567 0,00 47,10 0,00 4385 
TRNA_AMINOACYLATION_FOR_PROTEIN_TRANSLA
TION(7) 
40 0,45 31014345 0,00 4,73 0,00 5223 
COVALENT_CHROMATIN_MODIFICATION(6) 295 0,21 31060362 0,00 4,79 0,00 4906 
RESPONSE_TO_PEPTIDE(5) 265 0,22 31248055 0,00 0,00 0,00 2621 
REGULATION_OF_KINASE_ACTIVITY(6) 562 0,17 31496966 0,00 0,00 0,00 3726 
REGULATION_OF_G1_S_TRANSITION_OF_MITOTIC
_CELL_CYCLE(7) 
107 0,31 31522279 0,00 0,00 0,00 3649 
NEGATIVE_REGULATION_OF_ORGANELLE_ORGAN
IZATION(4) 
189 0,24 31595895 0,00 0,00 0,00 3413 
MITOCHONDRIAL_TRANSLATION(5) 104 0,30 31606815 0,00 0,00 0,00 4889 
CELLULAR_RESPONSE_TO_HORMONE_STIMULUS(5
) 




40 0,45 31807714 0,00 0,00 0,00 2181 
CYTOSKELETON_ORGANIZATION(4) 635 0,17 31967452 0,00 0,00 0,00 4115 
RESPONSE_TO_PEPTIDE_HORMONE(5) 260 0,22 32019107 0,00 0,00 0,00 2621 
GOLGI_VESICLE_TRANSPORT(5) 166 0,26 32084687 0,00 0,00 0,00 3149 
REGULATION_OF_CELLULAR_RESPONSE_TO_STRE
SS(4) 
362 0,20 32091768 0,00 0,00 0,00 3247 
TRANSMEMBRANE_RECEPTOR_PROTEIN_TYROSINE
_KINASE_SIGNALING_PATHWAY(7) 
642 0,17 32399604 0,00 0,00 0,00 3909 
REGULATION_OF_ENDOPEPTIDASE_ACTIVITY(7) 225 0,23 32555854 0,00 0,00 0,00 2878 
RESPONSE_TO_HORMONE(4) 394 0,20 32582552 0,00 0,00 0,00 2673 





164 0,27 32643685 0,00 0,00 0,00 4064 
REGULATION_OF_PEPTIDASE_ACTIVITY(6) 234 0,24 32753258 0,00 0,00 0,00 2878 
SINGLE_ORGANISM_CARBOHYDRATE_METABOLIC
_PROCESS(4) 
462 0,19 32817538 0,00 0,00 0,00 3909 
REGULATION_OF_CANONICAL_WNT_SIGNALING_P
ATHWAY(6) 
180 0,26 32937808 0,00 0,00 0,00 4963 
HEXOSE_BIOSYNTHETIC_PROCESS(7) 53 0,42 32985435 0,00 0,00 0,00 4205 
CHROMATIN_REMODELING(6) 111 0,31 33021202 0,00 0,00 0,00 3353 
POSITIVE_REGULATION_OF_CELL_CYCLE_ARREST(
5) 
82 0,35 33049142 0,00 0,00 0,00 3500 
GLUCOSE_METABOLIC_PROCESS(7) 134 0,28 33119853 0,00 0,00 0,00 4205 
NEGATIVE_REGULATION_OF_ENDOPEPTIDASE_AC
TIVITY(7) 
111 0,31 33120599 0,00 0,00 0,00 2878 
NEGATIVE_REGULATION_OF_CELL_CYCLE_G1_S_P
HASE_TRANSITION(6) 
90 0,34 33159742 0,00 0,00 0,00 3500 
CELLULAR_AMINO_ACID_METABOLIC_PROCESS(4) 276 0,23 33188686 0,00 0,00 0,00 5038 
RESPONSE_TO_GROWTH_FACTOR(5) 556 0,19 33223536 0,00 0,00 0,00 4846 
ENDOSOMAL_TRANSPORT(5) 183 0,26 33421166 0,00 0,00 0,00 3127 
ANTIGEN_PROCESSING_AND_PRESENTATION(3) 200 0,25 33427017 0,00 0,00 0,00 4064 
CELLULAR_KETONE_METABOLIC_PROCESS(4) 170 0,27 33432746 0,00 0,00 0,00 3872 
POSITIVE_REGULATION_OF_APOPTOTIC_PROCESS(
6) 
382 0,20 33520243 0,00 0,00 0,00 3221 
REGULATION_OF_CYTOSKELETON_ORGANIZATIO
N(5) 




65 0,39 33571224 0,00 0,00 0,00 3500 
REGULATION_OF_INTRACELLULAR_TRANSPORT(5) 394 0,20 33738177 0,00 0,00 0,00 3346 
G1_DNA_DAMAGE_CHECKPOINT(7) 73 0,38 33801384 0,00 0,00 0,00 3500 
Supplementary information !
!162 
REGULATION_OF_BODY_FLUID_LEVELS(4) 568 0,19 33862097 0,00 0,00 0,00 6072 
REGULATION_OF_PROTEIN_KINASE_ACTIVITY(7) 532 0,19 33882134 0,00 0,00 0,00 3726 
PROTEIN_UBIQUITINATION(9) 413 0,21 33889909 0,00 0,00 0,00 3687 
ANTIGEN_PROCESSING_AND_PRESENTATION_OF_P
EPTIDE_ANTIGEN(4) 
177 0,27 33920205 0,00 0,00 0,00 4064 
MITOCHONDRIAL_TRANSPORT(5) 217 0,25 33950107 0,00 0,00 0,00 3238 
RIBONUCLEOPROTEIN_COMPLEX_ASSEMBLY(5) 105 0,33 33957434 0,00 0,00 0,00 3205 
CELL_CYCLE_G2_M_PHASE_TRANSITION(6) 156 0,29 33967927 0,00 0,00 0,00 5070 
NEGATIVE_REGULATION_OF_G1_S_TRANSITION_O
F_MITOTIC_CELL_CYCLE(7) 
89 0,35 33982594 0,00 0,00 0,00 3500 
CARBOHYDRATE_METABOLIC_PROCESS(4) 615 0,19 34090087 0,00 0,00 0,00 3909 
REGULATION_OF_CELLULAR_PROTEIN_LOCALIZAT
ION(5) 
352 0,21 34105115 0,00 0,00 0,00 2637 
RRNA_PROCESSING(6) 52 0,43 34211571 0,00 0,00 0,00 3161 
PROTEIN_PROCESSING(5) 372 0,21 34241846 0,00 0,00 0,00 2668 
OXIDATION_REDUCTION_PROCESS(4) 471 0,20 34247477 0,00 0,00 0,00 4363 
RNA_PROCESSING(6) 380 0,21 34295275 0,00 0,00 0,00 3661 
MITOTIC_G1_S_TRANSITION_CHECKPOINT(7) 73 0,38 34366665 0,00 0,00 0,00 3500 
NEGATIVE_REGULATION_OF_PEPTIDASE_ACTIVITY
(6) 




187 0,27 34416015 0,00 0,00 0,00 4049 
MITOTIC_G1_DNA_DAMAGE_CHECKPOINT(8) 72 0,39 34423516 0,00 0,00 0,00 3500 
MONOSACCHARIDE_BIOSYNTHETIC_PROCESS(6) 56 0,43 34458256 0,00 0,00 0,00 4205 
RNA_SPLICING_VIA_TRANSESTERIFICATION_REAC
TIONS(8) 











66 0,40 34683194 0,00 0,00 0,00 3500 
G2_M_TRANSITION_OF_MITOTIC_CELL_CYCLE(7) 154 0,29 34718204 0,00 0,00 0,00 5070 
DNA_DAMAGE_CHECKPOINT(6) 132 0,31 34751623 0,00 0,00 0,00 3531 
NCRNA_METABOLIC_PROCESS(6) 232 0,25 34789398 0,00 0,00 0,00 3205 
POSITIVE_REGULATION_OF_WNT_SIGNALING_PAT
HWAY(5) 
133 0,30 34880126 0,00 0,00 0,00 4929 
MITOTIC_DNA_INTEGRITY_CHECKPOINT(7) 89 0,36 34916565 0,00 0,00 0,00 3531 
AUTOPHAGY(5) 252 0,25 35010986 0,00 0,00 0,00 3196 
ENERGY_DERIVATION_BY_OXIDATION_OF_ORGAN
IC_COMPOUNDS(4) 
275 0,24 35124626 0,00 0,00 0,00 2627 
MONOSACCHARIDE_METABOLIC_PROCESS(5) 168 0,29 35147693 0,00 0,00 0,00 4205 
NEGATIVE_REGULATION_OF_PROTEIN_PROCESSIN
G(6) 
200 0,26 35153563 0,00 0,00 0,00 2878 
NEGATIVE_REGULATION_OF_PROTEIN_PHOSPHOR
YLATION(7) 
205 0,26 35181084 0,00 0,00 0,00 3634 
REGULATION_OF_PROTEIN_UBIQUITINATION(8) 185 0,27 35190792 0,00 0,00 0,00 3671 
POSITIVE_REGULATION_OF_PROTEIN_UBIQUITINA
TION(8) 
134 0,31 35230086 0,00 0,00 0,00 3650 
REGULATION_OF_CELLULAR_AMINO_ACID_META
BOLIC_PROCESS(5) 
58 0,43 35303347 0,00 0,00 0,00 3500 
CELL_DIVISION(4) 256 0,24 35341725 0,00 0,00 0,00 4691 
NEGATIVE_REGULATION_OF_SIGNAL_TRANSDUCT
ION(4) 
671 0,19 35398817 0,00 0,00 0,00 3634 
ELECTRON_TRANSPORT_CHAIN(4)&RESPIRATORY_
ELECTRON_TRANSPORT_CHAIN(5) 
93 0,36 35421066 0,00 0,00 0,00 2158 
PROTEIN_FOLDING(6) 119 0,33 35426939 0,00 0,00 0,00 3165 
NEGATIVE_REGULATION_OF_INTRINSIC_APOPTOT
IC_SIGNALING_PATHWAY(6) 
59 0,44 35455983 0,00 0,00 0,00 2292 
REGULATION_OF_CELLULAR_AMINE_METABOLIC_
PROCESS(5) 
68 0,41 35545642 0,00 0,00 0,00 3500 





135 0,32 35606122 0,00 0,00 0,00 2650 
DNA_INTEGRITY_CHECKPOINT(6) 139 0,31 35633302 0,00 0,00 0,00 3531 
BLOOD_COAGULATION(5) 498 0,20 35714831 0,00 0,00 0,00 4847 
NEGATIVE_REGULATION_OF_PROTEOLYSIS(6) 187 0,28 35725448 0,00 0,00 0,00 2878 
NEGATIVE_REGULATION_OF_CANONICAL_WNT_SI
GNALING_PATHWAY(6) 
129 0,32 35744896 0,00 0,00 0,00 4963 
POSITIVE_REGULATION_OF_CELLULAR_COMPONE
NT_ORGANIZATION(3) 
648 0,19 35801213 0,00 0,00 0,00 3422 
COAGULATION(4) 499 0,20 35859914 0,00 0,00 0,00 4847 




77 0,39 35909073 0,00 0,00 0,00 3500 
POSITIVE_REGULATION_OF_UBIQUITIN_PROTEIN_
TRANSFERASE_ACTIVITY(6) 
87 0,38 36109872 0,00 0,00 0,00 3650 
PROTEIN_MODIFICATION_BY_SMALL_PROTEIN_CO
NJUGATION(8) 
445 0,21 36274471 0,00 0,00 0,00 3687 
ANTIGEN_PROCESSING_AND_PRESENTATION_OF_P
EPTIDE_ANTIGEN_VIA_MHC_CLASS_I(5) 
95 0,37 36305678 0,00 0,00 0,00 3500 
CHROMATIN_MODIFICATION(5) 376 0,23 36314414 0,00 0,00 0,00 4906 








70 0,41 36592245 0,00 0,00 0,00 3500 
VIRION_ASSEMBLY(4) 36 0,54 36599743 0,00 0,00 0,00 2813 
WOUND_HEALING(5) 566 0,20 36671546 0,00 0,00 0,00 4847 
REGULATION_OF_WNT_SIGNALING_PATHWAY(5) 224 0,27 36689782 0,00 0,00 0,00 4963 
SIGNAL_TRANSDUCTION_BY_P53_CLASS_MEDIATO
R(6) 
136 0,32 36727667 0,00 0,00 0,00 4960 
REGULATION_OF_MITOCHONDRION_ORGANIZATI
ON(5) 
288 0,25 36863308 0,00 0,00 0,00 3169 
SIGNAL_TRANSDUCTION_INVOLVED_IN_CELL_CY
CLE_CHECKPOINT(5) 
71 0,42 36925147 0,00 0,00 0,00 3516 
REGULATION_OF_APOPTOTIC_SIGNALING_PATHW
AY(5) 
231 0,27 36953132 0,00 0,00 0,00 3221 
PROTEIN_POLYUBIQUITINATION(10) 175 0,29 36992507 0,00 0,00 0,00 2671 
RIBOSOME_BIOGENESIS(5) 69 0,42 37104938 0,00 0,00 0,00 3161 
REGULATION_OF_UBIQUITIN_PROTEIN_LIGASE_A
CTIVITY_INVOLVED_IN_MITOTIC_CELL_CYCLE(5) 




72 0,42 37629023 0,00 0,00 0,00 3500 
MITOTIC_CELL_CYCLE_CHECKPOINT(6) 150 0,32 37688816 0,00 0,00 0,00 3531 




112 0,37 37926013 0,00 0,00 0,00 3671 
APOPTOTIC_SIGNALING_PATHWAY(5) 419 0,23 37940233 0,00 0,00 0,00 3264 
POSITIVE_REGULATION_OF_PROTEIN_CATABOLIC
_PROCESS(5) 
171 0,31 38378603 0,00 0,00 0,00 3500 
REGULATION_OF_LIGASE_ACTIVITY(5) 105 0,37 38521247 0,00 0,00 0,00 3650 
CELL_CYCLE_G1_S_PHASE_TRANSITION(6) 209 0,29 38763673 0,00 0,00 0,00 3520 
REGULATION_OF_PROTEASOMAL_PROTEIN_CATA
BOLIC_PROCESS(7) 




67 0,46 38915076 0,00 0,00 0,00 3500 
MRNA_PROCESSING(7) 276 0,27 38915894 0,00 0,00 0,00 4049 
REGULATION_OF_UBIQUITIN_PROTEIN_TRANSFER
ASE_ACTIVITY(6) 
102 0,38 39037747 0,00 0,00 0,00 3650 
REGULATION_OF_MITOTIC_CELL_CYCLE_PHASE_T
RANSITION(6) 
176 0,31 39424417 0,00 0,00 0,00 2650 







110 0,37 39740348 0,00 0,00 0,00 2650 
NEGATIVE_REGULATION_OF_CATALYTIC_ACTIVIT
Y(4) 
521 0,22 39806798 0,00 0,00 0,00 3634 
INTRINSIC_APOPTOTIC_SIGNALING_PATHWAY(6) 198 0,30 40146394 0,00 0,00 0,00 3196 
CELLULAR_MACROMOLECULAR_COMPLEX_ASSEM
BLY(6) 
465 0,23 40233793 0,00 0,00 0,00 3353 
SIGNAL_TRANSDUCTION_IN_RESPONSE_TO_DNA_
DAMAGE(6) 
120 0,37 40380754 0,00 0,00 0,00 3500 
REGULATION_OF_CELL_CYCLE_PROCESS(5) 380 0,25 40445576 0,00 0,00 0,00 3531 
CELL_CYCLE_ARREST(5) 195 0,31 40717487 0,00 0,00 0,00 5370 
NEGATIVE_REGULATION_OF_CELL_CYCLE_PROCE
SS(4) 
190 0,31 40752244 0,00 0,00 0,00 3516 
CELL_CYCLE_CHECKPOINT(5) 211 0,30 40781665 0,00 0,00 0,00 3531 
PROTEIN_LOCALIZATION_TO_ORGANELLE(6) 590 0,22 40866623 0,00 0,00 0,00 2655 
G1_S_TRANSITION_OF_MITOTIC_CELL_CYCLE(7) 204 0,30 40887284 0,00 0,00 0,00 3520 
CHROMATIN_ORGANIZATION(4) 490 0,23 40914664 0,00 0,00 0,00 3671 
PROTEIN_TARGETING(5) 468 0,24 41063514 0,00 0,00 0,00 2655 
REGULATION_OF_TRANSLATION(6) 148 0,35 41959615 0,00 0,00 0,00 3133 
POSITIVE_REGULATION_OF_CATABOLIC_PROCESS(
4) 
250 0,30 42338414 0,00 0,00 0,00 3500 
POSITIVE_REGULATION_OF_PROTEOLYSIS(6) 257 0,29 42832313 0,00 0,00 0,00 3196 
PROTEIN_CATABOLIC_PROCESS(5) 480 0,25 43043647 0,00 0,00 0,00 3504 
POSTTRANSCRIPTIONAL_REGULATION_OF_GENE_
EXPRESSION(6) 
324 0,28 43108654 0,00 0,00 0,00 3196 
POSITIVE_REGULATION_OF_CELLULAR_CATABOLI
C_PROCESS(5) 
218 0,32 43291087 0,00 0,00 0,00 3703 
MODIFICATION_DEPENDENT_MACROMOLECULE_
CATABOLIC_PROCESS(6) 
350 0,28 43755236 0,00 0,00 0,00 3504 
PROTEASOME_MEDIATED_UBIQUITIN_DEPENDENT
_PROTEIN_CATABOLIC_PROCESS(7) 
271 0,29 43835373 0,00 0,00 0,00 3504 
UBIQUITIN_DEPENDENT_PROTEIN_CATABOLIC_PR
OCESS(8) 
343 0,28 43875685 0,00 0,00 0,00 3504 
PROTEIN_TARGETING_TO_ER(5) 111 0,42 44097733 0,00 0,00 0,00 4383 
NEGATIVE_REGULATION_OF_PROTEIN_MODIFICA
TION_PROCESS(6) 




123 0,40 44754257 0,00 0,00 0,00 3500 
INTRACELLULAR_PROTEIN_TRANSPORT(6) 599 0,24 44788575 0,00 0,00 0,00 2655 
COTRANSLATIONAL_PROTEIN_TARGETING_TO_ME
MBRANE(6) 
109 0,43 45273666 0,00 0,00 0,00 4383 
PROTEIN_LOCALIZATION_TO_ENDOPLASMIC_RETI
CULUM(7) 
127 0,40 45608177 0,00 0,00 0,00 4383 
SRP_DEPENDENT_COTRANSLATIONAL_PROTEIN_T
ARGETING_TO_MEMBRANE(6) 
108 0,43 45616035 0,00 0,00 0,00 4383 
VIRAL_LIFE_CYCLE(5) 354 0,29 46068573 0,00 0,00 0,00 3097 
REGULATION_OF_PROTEOLYSIS(6) 450 0,27 46082063 0,00 0,00 0,00 2878 
MITOTIC_CELL_CYCLE_PROCESS(5) 596 0,25 46120324 0,00 0,00 0,00 4105 
CELL_CYCLE_PHASE_TRANSITION(5) 392 0,28 46167607 0,00 0,00 0,00 3649 
REGULATION_OF_CELL_CYCLE(4) 637 0,25 46362596 0,00 0,00 0,00 4118 
PROTEOLYSIS_INVOLVED_IN_CELLULAR_PROTEIN_
CATABOLIC_PROCESS(6) 
386 0,28 46588492 0,00 0,00 0,00 3504 
NEGATIVE_REGULATION_OF_PROTEIN_METABOLI
C_PROCESS(5) 
588 0,25 46764364 0,00 0,00 0,00 3501 
CELLULAR_PROTEIN_COMPLEX_DISASSEMBLY(7) 223 0,34 47143087 0,00 0,00 0,00 4889 
NUCLEOBASE_CONTAINING_COMPOUND_CATABO
LIC_PROCESS(5) 
347 0,30 47233257 0,00 0,00 0,00 4383 
MACROMOLECULAR_COMPLEX_DISASSEMBLY(5) 255 0,33 47246037 0,00 0,00 0,00 4889 




528 0,27 47522793 0,00 0,00 0,00 3566 
NUCLEAR_TRANSCRIBED_MRNA_CATABOLIC_PRO
CESS_NONSENSE_MEDIATED_DECAY(9) 
116 0,44 47554326 0,00 0,00 0,00 4657 
Supplementary information 
! 165 
MULTI_ORGANISM_CELLULAR_PROCESS(3) 502 0,27 48093433 0,00 0,00 0,00 3566 
VIRAL_TRANSCRIPTION(5) 184 0,38 48528643 0,00 0,00 0,00 4762 
REGULATION_OF_CATABOLIC_PROCESS(4) 541 0,27 48620286 0,00 0,00 0,00 3504 
NEGATIVE_REGULATION_OF_PROGRAMMED_CELL
_DEATH(5) 
512 0,28 48648324 0,00 0,00 0,00 3532 
ESTABLISHMENT_OF_PROTEIN_LOCALIZATION_TO
_MEMBRANE(5) 
285 0,33 49169755 0,00 0,00 0,00 4644 
TRANSLATIONAL_ELONGATION(6) 178 0,39 49774904 0,00 0,00 0,00 4889 
MRNA_CATABOLIC_PROCESS(7) 187 0,38 49958134 0,00 0,00 0,00 4383 
RNA_CATABOLIC_PROCESS(6) 210 0,37 50397854 0,00 0,00 0,00 4657 
NUCLEAR_TRANSCRIBED_MRNA_CATABOLIC_PRO
CESS(8) 
179 0,40 51173515 0,00 0,00 0,00 4383 








































































































































line! indicates! the! 0.05! threshold! value! in! the! significance! axis! (Y9axis).! Blue! line! below! red! line! indicates!
statistically! significant! difference! between! ST+! and! ST9! MEF.! The! experiment! was! performed! with! GFP9p659
expressing!MEF!infected!with!Ds9Red9expressing!S.!Typhimurium! in!a!microfluidics!device! (see!Figure&12).!The!




























upper!panel! shows! “average”!NCI!values! in! the! ST+! and! ST9!MEF!populations! (shown!as! in!Figure&12).!Lower!
























































































populations! at! each! post9infection! time9point! (X9axis).! Red! line! indicates! the! 0.05! threshold! value! in! the!
















































































































Figure& S6.! Distribution& of& bacteria=associated& DsRed& fluorescence& signal& (red& pixels)& in& MEF& populations&
cultured& in& non=flow& static& conditions.! The! distribution! of! red! pixels! was! determined! in! ST+! and! ST9! MEF!
populations.! The! experiment! refers! to! infection! of! GFP9p659expressing! MEF! with! Ds9Red9expressing! S.!









































































































conditions!challenged!with!TNF9α! (see& Figure&15A);& (B)&MEF!cultured! in!microfluidic!device!challenged!with!a!
second!S.$Typhimurium!infection!(see!Figure&15B)&








































static& culture& conditions.! The! percentage! of! infected! and! uninfected! MEF! reaching! each! value! of! NCI! was!
calculated!at!the!indicated!post9infection!time!points.!(A)&MEF!cultured!in!non9flow!static!conditions!challenged!
with!TNF9α!(see&Figure&15A).&(B)&MEF!cultured!in!microfluidic!device!challenged!with!a!second!S.$Typhimurium!
infection! (see!Figure& 15B).!Upper! panels! show! “average”!NCI! values! in! the! ST+! and! ST9!MEF!populations! (as!
















































































































































































































































Figure& S9.& Distribution& of& bacteria=associated& DsRed& fluorescence& signal& (red& pixels)& in& MEF& populations&
cultured& in&non=flow& static& conditions.! The!distribution!of!cells! having!a!defined!number!of! red!pixels! (signal!
directly! associated! to!S.$ Typhimurium!expressing!DsRed)!was! calculated! in! ST+! and! ST9!MEF!populations.! (A)&
MEF! cultured! in! non9flow! static! conditions! challenged! with! TNF9α! (see& Figure& 15A).& (B)& MEF! cultured! in!
microfluidic!device!challenged!with!a!second!S.$Typhimurium! infection! (see!Figure&15B).!The!different!cells! in!
each! ST+! and! ST9! population!were! grouped! by! pixel! numbers! identified! per! cell! at! each! post9infection! time!
(marked!with!distinct!colors).&
